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I N EARLIER reports on the effects of high acceleratory forces many disturbances 
of bodily mechanisms have been considered (1-4). Further inquiry has now 
been made into the circulatory changes induced by negative as well as positive 
accelerations. Arterial pressure levels in both carotid and femoral vessels have been 
followed simultaneously, and correlated venous pressure and cardiac changes have 
been studied.' Results of tests on different animals indicate that under conditions of 


circulatory stress a distinct functional advantage is possessed by the primate form. 


METHODS 

Descriptions are given in previous reports of the apparatus and methods em- 
ployed. The acceleratory forces used generally ranged from 2 to 6 g, developed by a 
centrifuge with lo-ft. rotor arms cariying animal subjects and electrical and other 
leads. A mercury manometer system which recorded electrically was utilized, and 
evaluation of the results was made by calibration with a U-tube manometer. In all 
cases measurements were made by the open vessel method, and non-experimental 
disturbances in circulation were thereby minimized. Blood flow was examined by a 
flow-meter based on the Venturi principle, previously described. Manometric 
systems with aqueous solutions were employed in the arterial systohc and diastolic 
and venous pressure studies. 

The experiments were performed chiefly on monkeys (M. rhestis) and dogs. 
Local or light general anesthesia (ether or sometimes amytal) was employed for 
carrying out the superficial incisions to reach and cannulate the vesselsj time was then 

Received for publication October 29, 1947. 

J Work carried out under Contract N6ori-ii6 beUveen the U. S. Navy, Office of Naval Research, 
and the University of 'Virginia. 
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allowed for recovery of the animal before the main studies were made. Heparin was 
given occasionally during tests. No e.vposurcs were pushed to lethal limits; in most 




Fig. I, 2, 3, 4. Carotid and texioral arterial blood pres.sl're changes in the monkey 
and dog under positive and negative acceleratoiy' forces. Graphs represent averages of a!i runs 
plotted from second to second. Usually from lo to 25 runs were made at each g level. 

cases they were light or moderate in degree, and after the first few trials animals were 
usually quiet throughout. Tj’pical records derived from tests on the centrifuge have 
been published (4). 
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RESULTS 

Arterial Pressure. Exposure to positive g produces a fall in carotid and a rise 
in femoral arterial pressure; when negative accelerations are imposed on the animal, 
the changes are opposite in direction. The relative magnitudes, time factors and 
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other characteristics of these changes have been studied in experiments made at 
different g levels. In figures i to 4 are given the results of over 600 tests on monkeys 
and dogs. 

The changes in arterial pressure, traced from second to second and averaged, 
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show a fairly smooth reciprocality in the case of the monkey in both positive and 
negative g series. In comparison, curv’cs of carotid and femoral pressures derived 
from the dog arc not so consistent, and marked skewing is observed in all the tests. 
Maximal arterial pressure changes found at different g levels under positive and nega- 
tive accelerations are shown in figures s and 6. 'Flic straight-line relationship is 
especially striking in the monkey. Results in the case of the dog again indicate less 
uniformity, however, the averaged points being not wholly in alignment. For a 
given g force, greater arterial pressure reductions arc also obscrv’cd in the dog. 

It was noted in alt animals after a few exposures to light g forces, and especially 
after a more severe test, that the arterial pressure commonly remained at subnormal 
levels for one to several minutes, llicsc disturbances were seen in carotid, brachial 
and femoral values after both positive and negative g e.\-posurcs. .A,rterial flow levels 
were similarly alTcctcd. 'Fachycardia was an accompaniment of thc*sc post-accelcr- 
atory changes. Some of these efiecls were noted by Poppen in 1932 (5), but re- 
mained unpublished in confidential files. 

SysloUc and Diastolic Levels. In a small group of experiments on dogs, using a 
water manometer, it was obscr\'ed tliat the normal systolic-diastolic carotid pressure 
difference was equivalent to 20 to 30 mm. Hg. This difference was increased by low 
applied forces up to 2 g, and decreased on exposure to 3 g or higher levels. The over- 
all effect of accelerations was of course a reduction in the mean systolic and diastolic 
carotid pressure values. After stopping the centrifuge there appeared within a few 
seconds, and for a brief period only, marked increase— up to 100 per cent — in the 
systolic-diastolic pressure difference. Carotid arterial blood flow variations under 
positive g stresses were roughly comparable to those of arterial pressure. 

M hi or Arterial Pressure IFatcx or ‘Notches'. In our investigations over the past 
few years it has been obscr\"ed that the carotid (or brachial) arterial pressure curve 
may show a small rise during the application of positive g forces. This rise appeared 
as a shallow wave or 'notch’ of 5 to 10 mm. Hg at about 5 seconds after the start of 
centrifugation in the case of the monkey, and at 6 or 7 seconds in tests on the dog. 
Nearly 1000 records w'ere examined (table i). 

The mean (overall) carotid pressure curve showed at this time marked depres- 
sion; because of this fact, probably, the minor waves were frequently not apparent 
(obscured?) under the acceleratory forces used. The waves are also not well recog- 
nized in all the major curves shown herewith (fig. i, 2) because of the smoothing effect 
of the main mass of data. The small waves occurred more frequently under lower 
than higher imposed forces; at i to 3 g they appeared in about one-third of the experi- 
ments, and at 4 to 6 g in about one-sixth of all tests. Their incidence was greater in 
the case of the monkey than in the dog under the higher accelerations. Reference is 
made later to their initiation probably through vasomotor or carotid sinus action. 

The small arterial pressure waves or notches described should be distinguished 
from arterial pressure changes which accompany movements or struggle on the part of 
the animal. Those referable to the latter factors were larger and much more rapid 
fluctuations than the above; struggle effects were moreover clearly apparent in corre- 
lation with E.E.G., respiratory and other disturbances, and are not considered 
herein. 
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Fig. s and 6. Arterial blood pressure changes under positive and negative g forces. 
Maximal changes which occurred during all runs, at no specific time, are averaged, and results 
given in fig. 1-4 are included. The levels indicated vary slightly, therefore, from those shown in 
fig. 1-4. Each point represents from 10 to 30 nms. Total no. of tests — monkey 301, dog 431. 

Arterial Pressure and Heart Rate Relationships. It was noted early in our experi- 
ments that a reciprocal relationship obtained betw^een heart rate and arterial pressure 
under acceleratory forces. In positive g tests when carotid pressure fell the heart 
rate rose, and in negative accelerations the reverse relation held true. These rela- 
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tionsliips were specific and valid, it should he emphasized, in the case of tests carried 
out on the monkey only. 7 ‘he time-rciation.s showed that heart rate increases 
followed carotid pressure falls by about 3 .seconds in positive .5 tests, while under 
negative g forces the rate-pressure clianges were opj)o.cing .and almost simultaneous 
(table 2). 

The reciprocal pressure-rate rclationshii) difl not hold in e>:i>criinenls on the dog 
and cat, c>:ccpt in the case of positive accelerations in the averaged results. In this 
-fg series the data nevertheless varied considerably, while under — g they were 
markedly divergent. Jn a small group of e.vpcrimcnts on the dog under amytal, .also 



no consistent arterial-pressurc-heart-rale relations were found when pressures in the 
carotid or the femoral artery were suddenly raised. 

Compared to femoral arterial pressure changes, pulse fluctuations were in the 
same direction in the monkey. I'he heart showed too, on the average, greater rate 
changes at the higher g forces; these changes were not so uniformly progressive as 
those found in earlier work, however, in which cardiac tests were made under some- 
what different conditions (4). 

For the same g forces used, heart rate and arterial pressure changes were sig- 
nificantly greater under negative than positive accelerations. In the case of nega- 
tive g, arterial pressure fluctuations were also much more irregular throughout. 
Heart rate changes occurred much earlier, moreover, under negative g forces 
(tables 2, 3; fig. 3, 4). 
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Venous pressure. In a short series of tests on dogs it was found that under forces 
of I to 4 g for lo seconds the pressure levels in the vena cava increased 50 to 100 per 


Table i. Occctrrence of small positive waves or ‘notches’ in arterial 

PRESSURE DURING ACCELERATION 


ACCELERATION 

DOC: NO. OF NOTCHES 

monkey: no. of notches 

s 

j Present 

Absent 

% 

Present 

Present 

Absent 

% 

Present 

h 2 , 3 

60 

i 

i 

137 

i 

30*5 

88 

201 

30-5 

4, 5, 6 

20 


151 1 

II-S 1 

49 

256 

16.0 


Elevations of 5-10 mm. Hg, carotid and brachial arteries. All runs 10 sec. or longer. Total 
cases, dogs 368, monkeys 594. 

In most instances, change (notch) in arterial pressure curve started in 5-6 sec. in case of mon- 
key, and in 6-7 sec. in the dog. 


Table 2. Time and extent of circulatory changes during acceleration 


ACCELERATION 

NO. OF TESTS 

i 

INITIAL CHANGE | 

MAXIMAL CHANGE REACHED 

Heart Rate 

Carotid 

Pressure 

Heart Rate 

1 

Carotid Pressure 

S 


sec. 

sec. 

sec. 

beats /mtn. 

sec. 

mm. Eg 

+ I 

23 

4.2 

1.4 

8.0 

+12 

5-6 

— II 

+ 2 

29 

4.6 

1-3 

8.4 

+II 

6.7 

-27 

+3 

25 

3-4 

1-3 

8.9 

+ 20 

7.0 

-44 

+4 

20 

S-i 

1 .0 

8.4 

+15 

7.2 

-53 

+6 

10 

5-0 

1-5 

7-3 

1 

+ 20 

7.0 

—61 

i 

“I 1 

1 

15 

2-5 

1.6 

6.8 

— 21 

I 8.0 

+27 

— 2 , 

16 

2.9 

1.8 

6.3 

-18 

7-3 

+35 

-3 

18 

1.9 

2.2 

S-S 

-32 

7-3 

+57 

-4 

16 

1 

1.9 

2.1 

6.2 

-27 

4-3 

+67 


9 Monkeys: 10 sec. runs. 


Table 3. Comparison of circulatory reactions of the monkey and dog to acceleration 


ANIMAL 

ACCELERATION 

NO CASES 

CAROTID PRESSURE | 
CHANGE i 

HEART RATE 
CHANGE 


s 


mm. Eg 

beats /min. 

Monkey 

Positive 

45 

-48 

+ r8 

Monkey 

Negative 

34 

+62 

-30 

Dog 

Positive 

62 

-63 

+15 

Dog 

Negative 

37 

+69 

+7 


Exposure time, 10 sec.; 3g and 4g tests combined. No. tests: dog 99, monkey 79. 


cent. Under the same conditions, pressures in the jugular vein fell only 25 to 50 per 
cent below normal. 

Species diferences in resistance to acceleration. For the two sub-primate animals 
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sluclicd (dog and cal), carotid pressure decreases observed in ::o lo-second tests at 4g 
averaged So mm. lig. In 24 similar te.sts on monkeys, however, tliere was an average 
fall of only 58 mm. Hg, 

A functional advantage was usually shown by the primate in both carotid and 
femoral arterial pressure values, under positive and negative accelerations; it varied 
from an equivalent of 0.5 to 1 g in the difTerent tests employed (see also tabic 3 and 
fig' A, S)- monkey, too, the reciprocal hcarl-ratc-carotid-prcssurc changes, as 

well as the apparently more specialized reactions (carotid .sinus, etc.), definitely set 
this animal apart in a higher physiological class, 

DISCUSSION' 

The circulator}' displacements which occur on c.sposure to acceleratory forces 
present to the animal a difficult functional problem. Because of the directly-opposed 
arterial pressure changes set u{), the organism is faced with the need or opportunity of 
favoring one-half of its bod}’ against desirable and optimal conditions in the other 
half. The results above indicate that a .specific type of response ncverthelc.ss comes 
into play, especially in certain mammalian forms. reciprocal relationship between 
heart rate and carotid (or brachial) arterial blood pressure is clearly evident: under 
positive accelerations when the carotid pressure is reduced the heart rate is increased, 
and the opposite changes occur wlicn negative g forces arc used. \^'ith the concurrent 
femoral arterial pressure changes, it follows, the pulse rate i.s directly related. 

In the primate only, it is found significantly, do these relations hold strictly in 
all cases. This animal, that is to say, shows rather remarkable reflex* efforts to 
protect in the first place its cerebral circulation. In dogs (and cats) Uie results were 
widely variable in both the individual and the group, although the average levels 
showed in one respect — that under positive g stresses — opposing heart rate and 
carotid pressure changes. Evidently these lower forms are not so well-equipped 
reflejdy as primates to combat the influence of high accelerator}* forces. It is perti- 
nent to recall here that all e.\'posurcs were made vritli the animal in the fullp-out- 
stretched supine position. 

The so-called Marey ‘law’ (6) considers that the heart rate varies inversely as 
the arterial blood pressure. This conception has been lield valid under many con- 
ditions of life invohdng general arterial pressure changes in the whole body, although a 
number of e.xceptions have been noted in the literature. Its failure to hold in other 
cases, too, has been pointed out in a recent report (4). 

The present work indicates that the Marey law should be strictly limited in the 
extent of its application. It appears indeed to call for a restatement, which may be 
put as follows: The heart rate is inversely and specifically related tothe 
carotid arterial blood pressure (or carotid sinus pressure) in the primate 
animal. This e-xpression, covering homeostatic responses usually found in the nor- 
mal and otherwise resting animal, would appear to be in keeping wdth the lines of 
e\ddence now adduced. There is involved in the whole response, of course, a series 
of reactions through vagal, sino-aortic and other neural elements. In this connection 
it is worthy of emphasis that unanesthetized animals were used in the present experi- 
ments, and all neural and hormonal influences were kept intact. Koch (7) also has 
referred arterial pressure changes to carotid sinus mediation. 
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The reduction in carotid arterial pressure, it may be noted, occurred considerably 
earlier than the increase in heart rate in cases of positive g tests. Applied force in 
the opposite direction (negative g), however, brought about nearly simultaneous rate 
and pressure changes. Bradycardia under —g, that is, occurred much earlier than 
tachycardia under +g. Coupled with the greater (and irregular) changes in heart 
rate and arterial pressure imder negative g, these findings point markedly to the more 
serious functional importance of negative rather than to positive accelerations of 
equal force. The lower tolerance to negative g and other facts mentioned heretofore 
give further emphasis to this hazard. 

Differences which are observed in the monkey between carotid and femoral 
arterial pressures indicate that at the same g force an artery is more easily filled with 
blood than emptied (fig. 5 and 6). ether the animal were placed in the head in or 
head out position (positive or negative g), that is, the distally-placed vessel from the 
centrifuge axis usually showed an earlier and greater blood pressure change. The 
difference could be accounted for only in very small part by the slightly greater g 
force applied to the more peripheral part of the animal. Calculations of g forces 
were made, it might be mentioned, by using the heart distance from the centrifuge 
axis as previously described. In the dog the results again were not always so clear — 
possibly explicable on the basis of the less linearly disposed body of the animal. 

The small wave or notch in the arterial pressure curve which appeared from 5 to 7 
seconds after the start of centrifugation suggested immediately reflexogenic activity. 
Almost certainly a carotid sinus reflex may be considered to be involved. The non- 
discernibility of this wave in a considerable percentage of cases investigated may be 
referable to the rigorous experimental conditions set up. The fact that the circula- 
tory system nevertheless does respond against the severe acceleratory forces imposed 
implies an amazing potency on the part of the animal organism. 

It seems fair to assume that in the case of man exposed to positive or negative 
acceleratory forces for 5 seconds or more, autonomic reflex action would be set in 
operation tending to offset the imposed forces. Such protective reflexes would have 
significant amelioratory value only, however, if the forces used were 2 g or less. 

A comparison of results obtained from monkey and dog indicates that a distinct 
physiological advantage is possessed b}'' the former animal. In the case of the 
monkey, d) there are smaller arterial pressure displacements under the same g forces, 
b) the reciprocality of heart rate and carotid arterial pressure changes is uniform 
and sensitively controlled, and c) carotid sinus reactions appear earlier and more 
often. Certainly the functional expressions of the primate form under circulatory 
stress are of a higher order than those exhibited by lower mammals. 

The horizontal position in contrast to verticality allows a simpler body economy, 
especially on the basis of reflexogenic demands. Assumption of the upright position, 
although it gave so many and promises greater freedoms, imposed in the first instance 
a severe gravitational factor on the organism. Against it primates have fought a 
physiological battle over a long time-span. Even yet circulatory and other in- 
competencies — from headaches to ptoses to pes planus — are distressingly common in 
man. The infant’s stumbling climb to uprightness foreshadows its inherent weak- 
nesses, and it is clear that the curx^e of functional accommodation against gravity 
does not approach an as^’^mptotic level even at adulthood. 
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Explanation of a present world dilemma may be made on the basis of man's 
relative poverty of cortiail compared to rich mid-brain reactions, Tlic baser among 
the latter, driving to wningling and war, have so often reduced peoples to begga^; 
increasing reference of life’s aiiairs to and their dominance by higher cortical levels 
should favor emergence, however, from our present profligacy. Knowledge that 
primates have progressed a significant functional (r.y. circulatory) distance along the 
way to uprightness leads at least to this cherished hope. 

SUMMARY 

The relative magnitudes, lime factors and forms of carotid, brachial and femoral 
arterial blood pressure changes which occur under j)osilivc and negative accelerations 
uj) to 6 g arc compared in the monkey and dog. 

The simultaneous reciprocal reactions do not appear wholly smooth in the de- 
rived figures, but arc nearly so in positive g tests, and better in monkey tlian dog. 
Curves secured from the latter animal showed a marked skewing, the pressure de- 
creases in all series occurring later than tlic increases. 

Arterial pressure and flow levels were commonly subnormal for one to several 
minutes after one severe or several liglit exposures. Fluctuations in systolic-diastolic 
difference in carotid arterial pressure and flow up to loo per cent beyond normal 
occurred during the tests. Light exposures decreased and severe exposures increased 
the systolic-diastolic difference, while jiost-accelerator)* values were markedly 
augmented. 

Small positive carotid arterial pressure waves or notches of 5 to 10 mm. Hg 
occur 5 to 7 seconds after the start of an c.xposurc. They are not always present, but 
are seen oftener under light than under hca\y g forces, lliey occur oftencr and 
earlier in the monkey than in the dog. The waves suggest a vasomotor or carotid 
sinus reaction to carotid arterial pressure reduction by acceleratorj’’ forces. 

There is a reciprocal relationship obscn'cd between heart rate and carotid 
arterial pressure in the monkey under accelerator}’ forces. In the dog and cat the 
rate-pressure relations were variable. The Marey law or principle appears to be 
limited in application, therefore, to primate forms and to certain areal changes in the 
individual organism. It may be restated as follows: The heart rate usually 
varies inversely and specifically in relation to carotid sinus pressure 
changes in the primate animal. 

This constitutes a nicely-balanced homeostatic reaction of specific sur\ival 
value; it is discussed on the basis of its relation to the assumption of the upright 
position. A similar but less uniform response — probably not yet fully developed — ^is 
present in lower mammalian forms. 

There were many evidences of the more marked effect of negative acccleratory 
forces on the organism, a) ^^^^ile heart rate increases were obser\'ed to follow 
arterial pressure decreases by about 3 seconds in positive g tests, under negative 
accelerations the rate-pressure changes rvere nearly simultaneous, b) The quickest 
rate and pressure responses occurred "when negative g exposures were imposed on an 
animal, c) Under equal (but oppositely directed) g forces, heart-rate and carotid- 
pressure changes w’ere considerably greater under negative than under positive 



Jajiiiary ig4p 


ACCELERATORY EFFECTS AND MAREY ‘LAW? 


II 


accelerations, d) Arterial pressure changes were more irregular, also, in negative g 
tests. These and other considerations emphasize the more serious nature of stresses 
directed toward the head end of the animal. 

Pressure levels in the vena cava increased 50 to 100 per cent and in the jugular 
vein fell to 50 per cent below normal under forces of i to 4 g for 10 seconds. 

Arterial pressure changes under similar accelerations were greater in the dog 
than in the monkey. A physiological advantage of 0.5 to i g was shown by the 
monkey on the basis of blood pressure values in both the carotid and femoral vessels. 
From other results also noted above, it is clear that a distinct functional advantage is 
possessed by the primate over lower mammalian forms. 
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ESTB'IATION OF RELATR'E COIU>USCLE AIs'D SERUAI 
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PlTTSnniGU, TENNSVI-VANIA 

I T HAS long been recognized that centrifugal methods do not completely separate 
blood corpuscles from plasma {1-7). However, attempts to measure the 
amount of fluid remaining in the sediment have yielded results ranging from 2 
to 10 per cent of the packed cell volume (2, 6, S-14). Most frequently, the estimate 
has been based on some application of the principle of scrum or plasma dilution. 
Since the divergence of results cannot be explained by variations in technique of 
centrifugalization, the relative reliabilities of tiie various methods of applying the 
dilution principle may rcasonabU' be questioned. 

By an extensive series of observ'ations (15) the authors assayed the experimental 
errors encountered ^Yhcn the dilution principle was applied to known volumes of 
serum. In such experiments, the possibility of fluid e-xchange between cells and 
serum was eliminated by removal of the cells before dilution of the serum, so that the 
results depended chiefly if not entirely on the accuracy of the measurements in- 
volved. Among 10 method variations, the mean errors of estimate were from 3.4 
to 8.8 per cent of the true serum volume, i.e. equal to or greater than the error usually 
ascribed to the centrifugal method. Further, the scatter was so great as to destroy 
confidence in the results of any single determination, and indicated that such methods 
were not well adapted to precise serum volume estimation. 

The present study extended the investigation to whole blood. Relative cor- 
puscle and serum volumes were estimated in samples of delibrinated beef blood by 12 
technically different applications of the serum dilution principle. The results were 
then compared with those obtained on the same samples by centrifugalization. 

METHODS 

The principle of dilution involves the measurement of some serum constituent 
before and after the addition, to a known volume of blood, of a known volume of some 
suitable diluting fluid. From the concentrations of index material before and after 
dilution, the original serum volume may be computed by substitution in the equa- 
tion: 
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where V represents the original or ‘true’ serum volume, R is the volume of diluent, 
and Cl and C2 represent the concentrations of the index material before and after 
dilution, respectively. A variation on this basic relationship is: 


R(G2 - G3) 
Gi — G2 


(2) 


where V and R have the same significance as in equation (i), Gi and G2 are serum 
specific gravities before and after dilution, respectively, and Gs is the specific gravity 
of the diluting fluid. 

In these experiments, the following fundamental measurements on serum formed 
the bases of the dilution procedures: specific gravity by copper sulfate and falling 
drop methods; total nitrogen; heat-coagulable serum solids; and concentration of the 
dye T-1824. From certain of these measurements, the following additional indices 
were derived: serum protein concentration from nitrogen determination and from 
specific gravity by both methods; serum solids from specific gravity. The diluting 
fluid was 0.9 per cent solution of sodium chloride, added to blood in the proportion 
of I part to 2. The dye, in 0.5 per cent solution, was added to blood without further 
dilution. In addition to the above methods, dyed and undyed blood were centrif- 
ugalized for one hour at 1400 X G, and the amount of fluid trapped in the sediment 
was estimated by measuring the concentration of dye and of serum solids, respec- 
tively, in a saline washing of the sediment. 

For convenience of presentation, the methods were numbered as follows: 

Method z. Centrifugalization in a Daland (16) type hematocrit at approximately 7500 X G (17) 
until the columns of sediment showed no further shrinkage. This method was used as a reference 
standard. 

Method 2. Specific gravity of serum by the copper sulfate method (18), consecutive test solu- 
tions of copper sulfate differing in specific gravity by 0.0005. 

Method 3. Specific gravity of serum by a modification of the falliiig drop method of Barbour 
and Hamilton (19). 

Method 4. Serum protein concentration (P) from nitrogen determination: P = 6.25 (total 
nitrogen — non-protein nitrogen). 

Method 5. Serum protein concentration computed from specific gravity (G) by the copper 
sulfate method: P = 319(0 — 1.0055).® 

Method 6. Serum protein concentration computed from specific gravity by the falling drop 
method: P = 3i2(G — 1.0058). 

Method 7 (see also method 8). Concentration of heat-coagulable, chloroform insoluble, water 
insoluble serum solids (HCS) in a saline washing of sediment obtained by centrifugalization at 
1400 X G for one hour. The technique of washing the corpuscles was essentially that recommended 
by Maizels (14). 

Method 8. Concentration of HCS (20) before and after simple blood dilution. Small, care- 
fully measured volumes of serum were introduced into special, weighed tubes. These were rotated 

® In another series of experiments, involving some 200 separate comparisons, linear correlation 
was established between serum specific gravitj-^ and serum protein, as demonstrated by Moore and 
Van Slyke (22). The equations for methods / and 6 represent regression lines based on this data. 
These equations have slightlj’ different constants due to a consistent small difference in specific 
gra\-ity as measured by the copper sulfate and falling drop methods. The equations for methods 9 
and 10 were similarh' derived. Equations for the individual correlations were utilized so as to give 
each indirect method its maximum accuracy. 
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in an oven at ioS° C. so that the coaftnlatcd material formed a thin, uniform film on the tvali. After 
20 minutes of such heatinj;, the films were extracted twice with chloroform and four times with dis- 
tilled water. Tlic final washinRS gave no visible precipitate with silver nitrate. The washed films 
were then dried to constant weight in tlic oven, again at ro.' 5 ® C. 

Mclhod p. lies computed from specific gravdty in* the copper sulfate method: HCS = 
3S9(G - i.ooGi). 

Method 10. HCS computed from .specific gravity by the falling drop method: IICS = 
34S(G - i.ooGo). 

Method II. Total scrum nitrogen by a macro-Kjcldabl technique (21). 
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Fig. I. Relatitc red cell voluites obtained by centrifugal and dilution methods. Methods 
are designated by number (sec text) and are arranged in descending order of mean red cell volume. 
Broken lines connect members of statistically homogeneous groups among the deviations from 
method i. 


Method 12. Serum concentration of T-1824, measured at 625 m^i with a Coleman Univers.1 
spectrophotometer, using undj’^ed scrum from the same blood as a blank. One-tenth ml. of a 0.5 
per cent solution of the dye was added to 50.0 ml. of blood. The standard consisted of o.i ml. of 
dye solution in 25.0 ml. of serum from the same blood sample. Dyed serum and blank were diluted 
with 9 volumes of 0.9 per cent sodium chloride solution to reduce the optical density. 

Method 13. Concentration of T-1824 in a saline washing of sediment from blood dj’ed as in 
method 12 and centrifugalized as in method 7. 


RESULTS 

The results are summarized in the accompanying table and figure. 

Figure i show's, by means of closed circles, the mean percentage volume of cor- 
puscles for each method and, by means of open circles, the mean differences for indi- 
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vidual samples between the centrifugal hematocrit value (method i) and those ob- 
tained by the various dilution procedures. This latter information is developed more 
fulty in table i. 

With regard to relative corpuscle volumes, the means for all dilution methods 
were smaller than that for the conventional hematocrit. The standard deviations 
were all of the same order of magnitude, indicating favorable distribution of results 
for general comparisons. The difference from method i approached statistical signifi- 
cance with method S, and was highly significant for the methods with still lower means. 
The differences between the mean for the centrifugal method and that for the dilution 
methods varied from 1.4 (method 7) to 16.9 (method 6) per cent of the mean centrif- 
ugal hematocrit. It is obvious that results obtained by dilution methods may 
differ widely for different technical approaches. 


Table i. Deviations op relative red cell volumes estimated by dilution methods from 

THOSE OBTAINED BY THE DALAND HEMATOCRIT 


METHOD 

1 NO- OF 
OBS. 

' MEAN 

i 

RANGE 1 

B 

■ 

DIST. OF DEVIATIONS 




1 

% 


% 

% 

% 0/ obs. 

% of obs. 

7,HCS — wash. 

15 

2.0 


1.2 

0.3 

100.0 

100.0 

13 , Dye — wash. 

10 

3-4 

1.6- 5.8 

1.0 

m 

90.0 

100.0 

II, N 

13 

4.0 

0.0- 9.2 

2.2 

wm 

69.2 

100.0 

4,P-N 

13 

4-3 

i.o- 9.4 j 

2.1 

mm 

69.2 j 

100.0 

12, Dye 

13 


0.0-17.7 

4-7 

1-3 

23.1 

76.9 

2 , CuSO.1 

22 


0.6-25.4 

7-5 

1.6 

4 S-S 

63-7 

8,HCS 

18 


2.2-16.5 

3-3 

0.8 

II. I 

77.8 

9,HCS— CuS 04 

22 


0.7-25.8 

7-7 

1.6 

31.8 

59-1 

3,FD 

23 


0.4-31. I 

7-1 

i-S 

26.1 

43-5 

io,HCS— FD 

23 

14.3 

2.8-37.0 

7.2 

I-S 

8.7 

21.7 

6,P— FD 

23 

16.9 

5 - 1 - 39 - 2 

7.2 

I-S 

0.0 

17.4 

S,P— CuSOi 

22 

1 

17-9 1 

2 . 8 - 45-2 

10.8 

2-3 

4-5 

36-4 


The average differences, for comparisons on individual samples, between centrif- 
ugal and dilution procedures varied with the method from 2.0 to 17.9 per cent of the 
centrifugal value. The dilution methods seemed to fall into three groups, covering 
deviation ranges from 2.0 to 4.3 per cent, 7.0 to 10.6 per cent, and 14.3 to 17.9 per 
-cent, respectively. This empirical grouping was confirmed in general by analysis 
of variance, the results of which are indicated by the broken lines in the lower half of 
figure I, and by the divisions of table i. The lowest group, which was also signifi- 
cantly the most consistent, included both technical variations wherein actual sedi- 
ment was washed (methods 7 and 15). Also, methods 7 and 13 were the only dilution 
procedures which yielded no deviations greater than 5.0 per cent. Next in order, still 
within the first group, were the methods in which total nitrogen (method ii) and pro- 
tein concentration derived from total nitrogen (method 4) were used as index measure- 
ments. At the other extreme, with high orders of deviation, were methods wherein 
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the index concentrations were derived indirectly from measurements which, them- 
selves, could be used for the purpose. For example, in methods 5 and 6, protein con- 
centration was derived from specific gravity by copper sulfate and falling drop 
methods, respectively. 

The distribution of deviations from the centrifugal value for each of the dilution 
procedures is also indicated in table i. The scatter was least for methods with small 
mean deviations, significant grouping about the mean being confined almost entirely 
to metliods with mean deviations under lo.o per cent. 

DISCUSSION' 

The results indicated clearly that various applications of the dilution principle 
arc not equivalent, either in the general magnitude of the estimates obtained or in 
consistency. A rough correlation between degree of scatter and level of deviation 
was the only hint afforded by the data as to the probable range of real differences 
between ‘true’ red cell volumes and conventional hematocrit results. A further 
point in the same connection was that, while only one method showed all deviations 
less than 5.0 per cent, all were less than 10,0 per cent for four of the methods, and 
more than half of the individual differences were less than lo.o per cent for four addi- 
tional methods (table i). If one may provisionally infer on such a basis that the 
true differences probably were somewhat less than lo.o per cent, then all dilution 
methods tested were capable of giving reasonable results part of the time, but certain 
ones were just as apt, or even more likely, to yield highly erroneous and completely 
misleading results on any given single trial. The same point was illustrated in a 
striking manner in the control scries previously reported (15). 

While it may be safely assumed that all centrifugal methods yield cell volumes 
which are too high, the results did not justify the selection of any one of the dilution 
methods as estimating the ‘true' cell or serum volume. Certainly, the indirect 
methods, wherein the index measurements were derived secondarily by mathematical 
treatment of observed data, proved generally unreliable (e.g. methods 5, 6, and 10). 
Such methods were included in the stud}' only because some of them have appeared 
in the literature. Even without these, there still remained several dilution procedures 
among which any single choice would have been arbitrary. 

Experience in applying the dilution principle, both in the present and in previous 
studies, suggested that the unfavorable distribution of errors encountered, as well as 
the wide divergence in results from the literature, might be explained in part by the 
nature of the mathematical relationships involved in the estimate. Analysis of equa- 
tion (i) revealed that relative or percentile errors in the measurement of index 
materials become magnified in the result; that if the volume of diluent (R) is chosen 
to approximate the expected serum volume (V), the percentile error in estimating 
V is about twice that of measuring either of the index concentrations Ci or C2; that 
as R decreases below V, the ratio of errors in V to errors in Ci or €» mounts very 
rapidly, while, conversely, as R increases beyond V, the ratio diminishes very slowly, 
approaching only at infinite dilution a limit where percentile errors in V and in Ci 
or C2 are equivalent. For any given value of R, the percentile error produced in V 
by a given percentile error in Ci is numerically equal to that which results from a 
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like error in Co, but is of opposite sign. Hence, equal percentile errors of like sign 
in Cl and Co would neutralize each other, but errors of opposite sign would become 
additive in V. If, broadly speaking, errors of measurement (Ci or Co) are normally 
distributed, neutralization can be expected in only half the trials, and even this neu- 
tralization is incomplete unless the percentile errors in Ci and C2 are equal. When 
addition of errors occurs (also in approximately half the trials), the situation is ren- 
dered even more unfavorable by the magnification referred to above. As an example, 
assume that R = V and that there is a -I-5 per cent error in measuring Ci, a — 5 per 
cent error in C2. The resultant error in estimating V would approach — 20 per cent. 
With regard to absolute (as contrasted with percentile) errors, those encountered in 
Co produce larger errors in V than do numerically equal errors in Ci. In general, the 
implications of equation (2), with specific gravity as the index, are similar to those 
just described, the magnification of errors being even greater than for equation (i). 
Thus, when R = V, and Gi is in the range usually encountered, the percentile error 
in estimating V is about two and one half times that of measuring Gj and approx- 
imately three times that of measuring G2. When, on the other hand, a known quan- 
tity of dye is added to serum, the percentile errors of serum volume estimate and of 
dye measurement are numerically equal. 

With regard to dilution procedures, then, three facts are obvious: a) small 
volumes of diluent should be avoided, while amounts greatly in excess of the expected 
serum volume have no serious advantage; b) precise estimates of serum volume by 
the dilution principle require the utmost accuracy in measuring the index concentra- 
tions; c) the relationships are such as to account readily for very erratic serum volume 
estimates even with fairly good analytical methods. The discrepancies reported 
here and elsewhere are probably due in large measure to variations in precision among 
the methods employed. Undoubtedly, some of the analytical procedures can and 
will be improved to meet more nearly the exacting requirements imposed by the 
dilution equations. The present study included methods and modifications which 
have been applied to the problem by other investigators (8, 11-14). 

The dilution principle and factors based upon it are widely used for estimating 
‘true’ relative corpuscle and serum volumes in blood, or for correcting conventional 
hematocrit results. The data presented certainly inspire no confidence in the results 
of a single determination by any of the dilution methods tested. Similarly, on a 
statistical basis, any one of several hematocrit correction factors might have been 
chosen. While routine correction must be less hazardous than the employment of 
dilution methods alone (i.e., without centrifugal control), results so obtained are not 
considered superior to uncorrected centrifugal values unless the correction factor can 
be more precisely defined. 


SUMMARY 

Relative corpuscle and serum volumes were estimated in samples of defibrinated 
beef blood by 12 technically different applications of the serum dilution principle, 
and the results were compared with those obtained on the same samples by means of 
a Daland t5q)e hematocrit. 

Mean differences between centrifugal and dilution results varied with the method 
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from 2.0 dr 1.2 to 17.9 rt 10.8 per cent of the packed cell volume. The results did 
not permit choice of any one dilution jjroccdurc as estimating reliably the ‘true’ cell 
or serum volume. The wide disj^ersion of results obtained by dilution methods 
depends in part upon the nature of the mathematical relationshijjs employed in the 
calculations. Practically, most dilution procedures are not well adapted to precise 
serum volume estimates. 

Correction of conventional hematocrit results by a constant factor based on dilu- 
tion methods is not justified by present data. 
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STUDIES IN INTRACAEDIAC ELECTROGRAPHY IN MAN. 
III. DISPLACEMENT OF THE CARDIAC PACEMAKER^ 
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BOSTON, MASSACHUSETTS 

I N A general way an electrode within the right atrium records auricular deflec- 
tions which are a) predominantly downward when high in the atrium, as con- 
firmed roentgenologicall}'-; b) biphasic (initially upward) when in the middle 
portion of the right atrium; and c) predominantly upward when low in the right 
atrium (i). These variations in form correspond to the fact that in the first instance 
the wave of auricular depolarization recedes from the electrode, in the second instance 
the wave of depolarization approaches then recedes from the electrode and in the third 
instance the impulse approaches the electrode. It was suggested (2) that utilization 
of the technique of intracardiac electrography and the known facts regarding the 
intra-atrial potentials might provide more precise information regarding displace- 
ment of the auricular pacemaker. 

Vagal stimulation through the oculo-cardiac reflex may cause the P-wave to 
decrease in height, become isoelectric or inverted (3). In a large proportion of nor- 
mal young persons, Wilson (4) was able to displace the pacemaker to the auriculo- 
ventricular node by ocular stimulation during the period between the hypodermic 
injection of atropine and the appearance of its maximal effect. Vagal stimulation 
through the carotid sinus reflex may likewise cause the P-wave to decrease in height, 
become isoelectric, notched or inverted (5, 6). 

METHOD 

In the present study 16 individuals without heart disease ranging from 19 to 
65 years of age (av. 33 yr., mean 28 yr., 12 male and 4 female) were catheterized by 
essentially the same technique as that described in a previous communication (i). 
Unipolar intracavity electrograms were obtained from high, mid and low positions 
in the right atrium at slow (25 mm/sec.) and fast (75 mm/sec.) speeds and ‘spot 
films’ were exposed just before or after each tracing. Care was exercised that the 
‘spot film’ was taken during the same respiratory phase in which the tracings were 
taken. With the Sanborn ‘Tribeam’ vacuum tube type of electrocardiogram® 
simultaneous tracings were taken usually of VF, occasionally of VL, VR or Vi. At 
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each level additional tracings were taken before, during and after stimulation of the 
right carotid sinus (rarely the left carotid sinus as well) and of the right (the left in 
only one instance) eyeball. Tlic entire procedure was repeated during the period 
elapsing between about 8 and 20 minutes following the subcutaneous injection of r.2 
mg. of atropine sulfate. 

Pscudo-Displaccmmi of the Pacemaker. When the left antccubital vein was 
cathetcrized and the catheter entered the thorax through the left axilla, right carotid 
sinus stimulation produced either a vcr>' inconspicuous change or no change whatever 
in its position. This is illustrated in a .subject cathetcrized through the left ante- 
cubital vein. The roentgen-ray films were c.xposed before and during right carotid 
sinus stimulation by a double-exposure technique. At none of the three positions 
did this procedure change the position of the catheter significantly. Left carotid 
sinus stimulation, on the other hand, regularly produced slight but definite changes 
in the position of the catheter in the alriuin. It is possible then that homolateral 
neck pressure may alter the [josition of the electrode, the position of the heart remain- 
ing fixed and, thus, produce the false appearance of displacement of the pacemaker. 

The appearance of displacement of the cardiac pacemaker may be simulated 
in another way. The relationship of the pacemaker and the electrode may varj' as a 
result of respiratory changes in the position of the heart in the thorax, the electrode 
remaining in a fixed position. The degree of this change varies from individual to 
individual, apparently depending upon the degree of diaphragmatic respiration. In 
an extreme example, deep inspiration can alter the position of the heart so that the 
tip of the catheter, initially at a low atrial position, now lies opposite the mid-portion 
of the atrium. Since the electrical potentials recorded at the electrode may vary 
not only because of a varjdng site of origin of the impulse in relation to a fixed elec- 
trode (true displacement) but also because of a change in the position of the electrode 
in relation to a fixed pacemaker (pseudo-displacement), the position of the heart must 
remain independent of respiration. 

It is well known that respirator}' (7) as well as cardio-inhibitor}* and depressor 
reflexes may be initiated by carotid sinus or ocular stimulation. Pseudo-displace- 
ment of the cardiac pacemaker produced in this way is illustrated in figure i taken low 
in the right atrium of another subject 9 minutes after the subcutaneous injection of 
0.9 mg. of atropine sulfate. With right carotid sinus stimulation there was a smooth 
progressive change in the form of the auricular potentials (upper tracing) which were 
initially biphasic, but were directed entirely downward b}' the sixth complex, sub- 
sequently returning to a biphasic complex. Simultaneously recorded lead (lower 
tracing) showed no change in the form of the P-wave corresponding to the changes in 
the intra-atrial potentials. The change in the form of the auricular complex can be 
accounted for by an uncontrolled inspiration during carotid sinus stimulation so that 
with inspiration the site of impulse formation was drawn down to the tip of the 
catheter. In this curve it is to be noted that the heart accelerated rather than 
slowed during carotid sinus stimulation. 

Because of the difficulty in interpreting tracings of this sort with uncontrolled 
respiration, carotid sinus or ocular stimulation was performed in most of these sub- 
jects while the breath was held in deep inspiration. All but a few were thus able to 
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inhibit any respiratory reflexes which might have been induced by the procedure. 
With these two provisions then, namely, that the side of the neck opposite the cath- 
eterized side was stimulated and that the procedure was carried out while the patient 
held his breath in maximal inspiration, it was possible to proceed on the assumption 
that an}'^ consistent changes in the direction of the auricular complex might properly 
be attributed to displacement of the cardiac pacemaker. It must be emphasized, 
however, that despite all these efforts to insure a constant relationship between heart 
and catheter, minor variations were still possible because of the location of the tip 
of the catheter free in the atrial cavity. 

RESULTS 

Of 1 6 subjects tested, true displacement of the cardiac pacemaker was produced 
by carotid sinus or ocular stimulation in 9 individuals, pseudo-displacement in 2 and 
no displacement in 4 individuals, in spite of well-marked slowing. In one subject 
we are not certain whether true displacement occurred. One tracing in this subject 
showed the gradual development and recession of changes in the auricular complex, 
but there was no co-incident changes in the form of the P-wave in simultaneously 
recorded lead VF. This may possibly be attributed to the fact that so little change 
was thus produced in the position of the pacemaker that it was not projected into 
lead VF. Since she was able to maintain a steady unwavering deep inspiration,' a 
spontaneous shift in the relative positions of the electrode and the pacemaker seems 
unlikely. 

Generally the displacement began during the period of stimulation and subsided 
at or shortly after its release. Occasionally the displacement did not begin until after 
the end of the period of stimulation or, at times, it began during the latter part of the 
period of stimulation and outlasted it for varying periods. In general, the displace- 
ment was much more readily induced by ocular than by carotid sinus pressure, but 
this may be attributed to our curtailment of the period of carotid sinus stimulation 
to five seconds or less. We were much more apt to maintain ocular pressure for 
several seconds longer. 

In one individual among the first 8, displacement was as easily induced before 
as after the administration of atropine. In all of the others the effect was noted only 
in the period between 8 and 20 minutes or so after the subcutaneous administration 
of 1.2 mg. of atropine sulfate. For this reason the preliminaiy period of observation 
without atropine was omitted in the latter 8 subjects. 

Seven of the 9 individuals in whom displacement was produced showed simul- 
taneous slowing of the heart rate, 2 showed no slowing. In only one case were we 
successful in producing atrio-ventricular nodal rhythm; auricular standstill with 
nodal escape was produced in one patient. 

ILLUSTRATIVE OBSERVATIONS 

Figure 2 illustrates true displacement of the pacemaker beginning abruptly with 
the auricular complex just preceding the release of right ocular pressure. The 
auricular complex, having been biphasic imtil this point, suddenly became a mono- 
phasic complex entirely directed downward. With release of ocular pressure there 




Fig. I. PsEUDO-DisrLACEMKNT OF CARDIAC PACEMAKER. Nine Diinutcs after the subcutaneous 
injection of 0.9 mg. of atropine sulfate. Uncontrolled inspiration produced by right carotid sinus 
stimulation. Smooth progressive change from biphasic (Ra-Sa) auricular deflection in ist complc.^ 
to monophasic (QSa) auricular deflection in 6th complc.’c, recorded at low auricular level. {Upper 
tracing) Tlic movement of the upper curve toward the upper edge of the paper is an artefact coincid- 
ing M-ith the release of carotid sinus pressure. No corresponding changes in P-wave of simultaneously 
recorded lead Yi {lower tracing). Note coincident depression of Sa-Ta likewise e.^plicable as result 
of change in level of electrode. 

Fig. 2. True displacement of pacemaker. Mid-atrial potentials {upper curve) paired with 
VF {lower curve). Right ocular pressure 14 min. after the subcutaneous injection of 1.2 mg. of 
stropine sulfate. Following a period of slowing there is an abrupt change in the form of the auricular 
complex just preceding the release of ocular pressure from an equiphasic (Ra-Sa) to a monophasic 
(QSa) form, indicating migration of pacemaker from a point high in atrium to a mid-point in the 
atrium. Note smooth, progressive return of auricular complex to original form and correlative abrupt 
decrease in amplitude of P in lead VF with shortening of P-R interval from 0.14 to o.ii sec., followed 
by gradual reassumption of original form of P-wave and return of P-R interval to its original duration. 
The effect of displacement outlasts the period of stimulation. 

Fig. 3. True displacement of pacemaker. High auricular potential {upper curve) paired 
■with lead VF {lower curve), recorded minutes after 0.9 mg. of atropine sulfate intravenously- 
Arrows indicate onset and offset of right carotid sinus stimulation. There is a progressive relative 
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was a smooth progressive return to a biphasic auricular complex over the next four 
beats. Corresponding to these changes in the intra-atrial potentials the P-wave of 
simultaneously recorded lead VF suddenly decreased in amplitude, then over the 
next four beats showed a smooth progressive return to its original form, while the 
P-R interval suddenly shortened from 0.14 to o.ii second, then gradually returned to 
its original duration. The changes recorded seem to correspond to a migration of the 
cardiac pacemaker from a point high in the right atrium to one at mid-atrial levels, 
that is, approximately from the position of the tip of the catheter in figure 6/1 to that 
in figure 6 B, the level at which the upper curve of figure 2 was obtained. In the 
frontal projection recorded b}'’ the 'spot films’ this corresponds to a distance of about 



Fig. 6 A . Roentgenogram from subject with electrode high in right atrium where QSa deflec- 
tions were recorded indicating that normal site of impulse formation was close to the tip of the 
catheter. B. Roentgenogram showing level at which upper curve of fig. 2 was obtained and toward 
which level the site of impulse formation migrated on ocular pressure. This indicates about 3 cm. of 
dislocation of the pacemaker as measured in the frontal plane. 


3 cm., which is probably a minimum since the posterior wall of the atrium has the 
shape of a hemisphere rather than a flat surface. With the catheter free in the auric- 
ular cavity, however, so many things can happen that it is impossible to venture a 
definitive interpretation of the findings. 


increase in the height of Ra coinciding with an irregular slowing of the pacemaker, movement of the 
Sa-Ta junction closer to the isoelectric line, and decrease in the height of P VF to an isoelectric 
position. No obvious change in P-R interval. 

Fig. 4. Displacement of pacemaker to the auriculo-ventricular node 4 sec. following ocular 
pressure. Patient had received 1.2 mg. of atropine sulfate subcutaneously i6 min. previously. 
Slight slowing during ocular pressure. Abrupt displacement of pacemaker to point near intraatrial 
electrode which was about three fourths of the distance from the superior to the inferior vena cava, 
indicated by change from biphasic auricular potentials, with larger component directed upward, to 
largely monophasic downward auricular potentials as revealed in auricular cavity and reversal of P 
in lead VF. Apparent speeding up of final beat is due to hesitation of drum of camera. Note 
depression of Sa-Ta junction and elevation of Sa-Ta segment with new pacemaker. 

Fig. 5/I {upper). Displacement of pacemaker with slowing then auricular standstill and 
ventricular escape. Upper curve, mid-auricular potentials; lower curve, unipolar right arm potentials 
(VR). Left ocular pressure. B {lower). Same subject at high auricular levels. 
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Fij!;urc .s shows exactly iIk; same sort of change in anotlier subject viewed from an 
opposite vantage point. Here when the pacemaker was displaced, the impul.se ap- 
])roachcd rather than receded from the electrode. Patient had received 0,9 mg. alro- 
l)inc sulfate q-i minutc.s previously. The up))er curve was obtained high in the right 
atrium, the lower again repre.scnts lead VJ*. liighl rarotifl sinus pre.ssure profluced 
slight slowing coinciding with displacement of the pacemaker. In the second com- 
I)!cx, which just jirecedes the onset of carotid sinus stimulation, the auricular com- 
plex was directed entirely downward, indicating that at that time the site of impulse 
formation was near the electrode. In the sixth comjilex the auricular ])c>tentialswere 
almost cquiphasic indicating that at this moment the impulse first apfiroached then 
retreated from the recording electrode. .At the same lime the P-wave of lead VF 
became low and bijihasic. Measurement of the P-R interval was impossible in VF 
while in the intracavity tracing it showed no change. 

Figurc4 shows the })olentials in a low-mid po.siiion of the right atrium of another 
subject 16 minutes after the subcutaneous injection of 1.2 mg. of atropine. During 
right ocular pre.ssure the heart slowed but the form of the auricular complex, aside 
from some artefacts, showed no change. .At about four seconds following the release 
of ocular jiressure there was a sudden change in the auricular potentials, which were 
now practically entirely directed downward. 'I'hat these were not cxtrasystoles, 
stimulated by the contact of the tip of the catheter with the atrial wall, is indicated 
by the fact that each began with a minute upward (Ra) fletlection; if these were in- 
duced premature beats one would cxjiect the auricular detlection to begin abruptly 
downward. At the same lime, the Sa-'I’a junction was depressed and the $a-Ta 
segment elevated. I’he new jiacemaker was more rapid than the original sino- 
auricular pacemaker. Coinciding with the change in the intracavity potentials, 
PvK became inverted, though of smaller magnitude, but the I’-R interval did not 
shorten, d'he new rhythm center, therefore, seemed to reside in the auriculo- 
ventricular node. I'rom the reversal in direction of the P-wave one may sus])ect, 
however, that the impulse now took an almost diametrically oi)]>osed course, chang- 
ing from above-downward to below-upward. Measurement of ‘spot fdms' showed 
that in frontal projection the new center of impulse formation was at least 4.5 cm. 
from the probable location of the original pacemaker. This again is a minimum 
figure. The degree of displacement is apparently bej'ond the traditional confines of 
the sino-auricular node. 

Figure 5/! shows the potentials at mid-atrial levels (upper curve) and the right 
shoulder (VR) of a 25-year-old seaman 21 minutes after 1.2 mg. of atropine were in- 
jected subcutaneously. The first complex after the beginning of the electrogram 
was equiphasic but the second and third showed small Ra, deep Sa and depressed 
Sa-Ta segment. Following this there was auricular standstill until ocular pressure 
was released. The fourth and fifth compie.xes were ventricular escape beats. In 
this case the displacement seemed to correspond approximately to a change in the 
site of impulse formation from high to mid-auricular levels. With displacement 
there was no measurable decrease in auriculo-ventricular conduction time as measured 
in the cavity potentials. 

Figure sB shows the potentials recorded high in the right atrium of the same 
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individual. Left ocular pressure slowed the heart without displacing the pacemaker. 
The fourth complex showed a short 'inter\ml between the intracavity auricular and 
ventricular deflections, due to ventricular escape. If this were an auriculo-ventricu- 
lar nodal beat, one would expect the chief auricular deflection to be upright, indicat- 
ing passage of the impulse foward the electrode high in the atrium, rather than down- 
ward, as it was here, indicating persistent origin of the impulse near the electrode and 
its spread away from the electrode. 


DISCUSSION 

It is quite generally believed that the cardiac pacemaker resides in a club-shaped 
anatomical structure, the sino-auricular node, situated high in the right atrium and 
measuring about 1.5 cm. in its greatest length. It is also believed that the pace- 
maker may wander from the head, to the body or tail of this sino-auricular node or to 
a position in the upper, middle or lower parts of the auriculo- ventricular node (8). 
However, the possibility of the pacemaker wandering to portions of the atrium inter- 
vening between the sino-auricular and auriculo-ventricular nodes has not been men- 
tioned. The facts presented in this study are consistent with the possibility of dis- 
placement of the pacemaker beyond the accepted limits of this structure high in the 
right atrium. It is felt that the method employed is not precise enough to prove or 
disprove displacement within such a small area, but it has been capable of recording 
apparent gross displacement to mid-auricular levels (figs. 2, 3, 5) and to the auriculo- 
ventricular node (fig. 4). 

In the experimental animal strong vagal stimulation produces marked shortening 
of the slow deflections indicating auricular repolarization (9). The first observable 
effect is a deformity of the segment which immediately follows the rapid depolariza- 
tion wave, that is, of the Sa-Ta junction. In many cases in the present study, the 
Sa-Ta junction became depressed as Ra decreased in height (figs. 4 and 5) and cor- 
respondingly the Sa-Ta junction became displaced toward the isoelectric line as Ra 
increased in height (fig. 3) but in one case (fig. 2) the Sa-Ta junction moved toward the 
isoelectric line as Ra decreased. The significance of such deviations of the Sa-Ta 
junction in man is not clear. In a previous communication (i) it was pointed out 
that such changes may vaiy with the site of the electrode in the right atrium. In 
the present study such variations were, insofar as possible, excluded. It seems pos- 
sible, then, that vagal stimulation, in addition to displacing the cardiac pacemaker, 
may alter the speed of the repolarization process in the auricles. 

The fact that with displacement of the pacemaker the P-R interval shortened 
very little (fig. 2) or not at all (figs. 3.4, 4, 54) corresponds to the well known fact 
that conduction in the auricular musculature is very rapid and hardly represented 
in the P-R interval, while the bulk of the auriculo-ventricular conduction time is con- 
sumed in the atrio-ventricular node and bundle. 

Wilson (4) produced nodal rhythm in a large proportion of young normal indi- 
viduals under virtually the same conditions as the present experiments. Our failure 
to duplicate these results in all but one individual may, in part, be due to the greater 
average age of the patients available for this study. It may also be explained in part 
by our limitation of the period of carotid sinus stimulation to four or five seconds. 
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beyond which, particularly in the described experimental set-up, we did not feel it 
safe to continue. 

Although in most individuals displacement was accompanied by cardiac slowing, 
in a few, displacement occurred without slowing. This suggests that displacement 
of the pacemaker may be independent of the mechanism responsible for reflex slow- 
ing of the heart. In 2 subjects the rate of the new pacemaker was more rapid than 
that of the sinus node. The nodal rhythm induced by Turks (6) in one patient with 
carotid sinus stimulation was more rapid than the original sinus rhythm and the 
rhythm persisted after the cessation of carotid sinus stimulation. In the only in- 
stance in which he produced flattening of the P-wavc, the heart rate was at first 
faster then slower than the original sinus rhythm. The conditions of the present 
study differ from the latter in that these subjects were under the incomplete effect 
of atropine. It is suggested that since the sinus node is more richly supplied with 
vagus nerve endings than the auricular musculature proper, vagal stimulation has a 
greater effect in inhibiting the sino-auricular node than the auricular musculature or 
the various subsidiarj’’ pacemakers in the auricular musculature. During the period 
between about 8 and 20 minutes after the subcutaneous injection of atropine, the 
sinus node is not yet accelerated. Inhibition of the sinus node at this time may re- 
lease a center or series of centers whose rate is more rapid tlian the sinus node. 

smcMARY 

In a group of incomplete!}' atropinized individuals without heart disease, vagal 
stimulation through the oculo-cardiac or carotid sinus reflex frequently produced 
displacement of the cardiac pacemaker. A study of intra-atrial potentials in rela- 
tion to roentgen-ray examination seemed to place the new site of impulse formation 
halfway down the right atrium. In only one subject was nodal rhythm produced. 
Coincident with the displacement there was very little or no shortening of auriculo- 
ventricular conduction time. It is possible that in man the auricular repolarization 
process may also be altered by vagal stimulation. There is often a downward dis- 
placement of the pacemaker w'hen the heart is slowed by vagal stimulation in man as 
there is known to be in animals. 

Wc are grateful to Dr. Frank N. Wilson for his criticism of the manuscript. 
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ELECTROGRAM OF ISOLATED PAPILLARY MUSCLE OF 

THE CAT HEARTS 

SOLOMON GARB anb MAYNARD B. CHENOWEOT 
From the Department of Pharmacology, Cornell University Medical College 

NEW YORK CITY 

A RECENT review has demonstrated that the theories of various investigators 
concerning the genesis of tlie electrocardiogram are far from similar (i). 
The general position taken by Craib (2, 3) and those following his views 
(4-6) that valid information is only obtained by considering the heart as a ‘dipole’ in 
the center of a ‘volume conductor’ is opposed by Gilson and Bishop (7). Upon closer 
study one is struck by the dissimilar and often apparently moribund preparations 
used to obtain the data upon which these hypotheses are based. It is possible that 
some of the discrepancies could be resolved if a suitable preparation were more 
generally employed. The ideal preparation “is one in which there is at least an 
approach to propagation along a linear and uninjured tissue” (7). The present 
communication is believed to describe such a preparation together with some initial 
obsei^^ations upon it. 

The papillary muscles of the cat’s right ventricle have proved very convenient 
for the study of physiological and pharmacological factors affecting the force of con- 
traction of cardiac muscle (8-1 1). By virtue of their structure they may be isolated 
easily and, under suitable conditions (10), they contract vigorously upon stimulation 
for as long as 24 hours. Care in choosing a muscle for study will result in an un- 
injured portion of mammalian ventricular muscle consisting of about 50 almost 
perfectly parallel cells from which recordings of contractile and electrical activity 
may readily be obtained. As details of technique in such experiments have consider- 
able bearing upon the significance of the findings, they are described at length. 

METHOD 

Under ether anesthesia a cat’s heart was removed and an incision made along the 
border of the right ventricle. Suitable papillary muscles^ were removed with the 
chordae tendinae at the tip, and part of the ventricular or septal wall at the base still 
attached. The papillary muscle itself was not ctit or injured in any way. 

The muscle was mounted in a holder, and the chordae tendinae attached, by 

Received for publication September 10, 1948. 

* A preliminary account was given at the annual meeting of the Federation of American Socie- 
ties for Experimental Biology, Atlantic City, March 1948. 

® Present address: Department of Pharmacology, University of Michigan, Ann Arbor. 

® During an ancillary study, Mr. S. F. Redo observed that papillary muscles which had a 
diameter greater than i mm. showed central areas of degeneration (a markedly modified staining 
reaction, loss of striation and poor definition of cell structures) after several hours of contraction. 
The relative width of normal and degenerated areas was in general agreement Mth current concepts 
of the diffusion of oxygen into muscle (12). 
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means of a fine silk thread, to an isometric muscle lever, the movements of which were 
recorded by a photokymograph, 'i'hc base was lied to an adjustable hook. 'I’he 
two silver-silver chloride recording electrodes were Y-shaped and the muscle was 
placed between the forks of the Y to assure good electrical contact. The upper 
electrode was adjustable and was always jjlaced on the tendon. The lower electrode 
was in contact with the lower third of the muscle. I’lic two stimulating clcctrodc-s 
were placed in contact with the fragment of ventricular wall and arranged so that the 
stimulus passed across the base of the muscle, at right angles to the long axis of the 
muscle. 

The glass chamber surrounding the muscle holder was then filled with a modified 
Locke’s solution (ii) to a level of about i cm. above the chordae tcndinac. A mixture 
of 95 per cent oxygen and 5 jicr cent carbon dioxide was forced into the bottom of the 
cliamber where a sintered glass plate increased tlic disjicrsion. Tlie optimum rate of 
gas flow was found to be verj’ rapid. The holder was then immersed in a water bath 
at 37°C., unless otherwise noted. Diastolic tension was adjusted to the lowest 
tension which resulted in maximum systolic force. 

Tlie electrograms were recorded with a direct writing electrocardiograph the 
push-pull input circuit of which possesses excellent rejection of 6o-c>xle alternating 
current interference (Electro-Physical Laboratories ‘Cardiotron’), Tlie sensitmty 
in all eases was adjusted to bring the electrogram to a convenient size (QRS about 1.5 
cm. high). By comparison with the i mv. calibration pulse the potential of the 
electrogram was then found to be of the order of 10 rav. The connections were 
arranged so that negativity at the tendon caused an upstroke of the writing stylus. 
When it was desired to record the electrical and mechanical activities simultaneously 
on the photokymograph a strong thread was tied to the base of the writing arm of the 
electrocardiograph, ^^’ith the instrument on its side, a small hole in the cabinet 
permitted attachment of the thread to a stiff isometric lever under considerable ten- 
sion. The movements of this lever could be recorded in the usual way and were 
surprisingly faithful reproductions of the writing arm movements. 

Although most preparations contracted sponlaneousl}’' at first, it usually became 
necessary to stimulate the muscle electrically. This was done with a thyratron stimu- 
lator (‘Electrodyne’) with the stimulus slightly above threshold levels. The polarity 
of the stimulus was adjusted so that the stimulus artefact appeared in the electrogram 
as a slight initial downward deflection simulating a Q-wave. 

Ten seconds before an electrogram was recorded, the level of fluid in the chamber 
was lowxred to about i cm. below the base of the muscle to prevent the short-circuit- 
ing of the recording electrodes by the fluid as well as to prevent the introduction of 
too large a shock artefact into the record. 

EXPERBIENT.4L 

Electrogram Associaled mih Spontaneous Contraction of the Isolated Papillary 
Muscle. Of the 60 papilla^ muscles prepared, 14 were still contracting spontane- 
ously when the first electrograms could be taken (about 4 min. after cardiectomy). 
Figure i presents some of the electrograms associated with these spontaneous con- 
tractions. A characteristic electrographic pattern is apparent w'hich consists of an 
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upright R-wave^ followed by an upright T-wave just as seen in the usual limb-leads. 
Diphasic R-spikes were never obtained. Although it can be seen that the configura- 
tion of the T-wave varies, its polarity is consistently upright. 

Effect of Oxygen. Although man}’’ thin and quickly prepared isolated papillary 
muscles, whether stiU contracting spontaneously or requiring stimulation, often 
manifested a T-wave which was in the same direction as the R-wave, the electrogram 
of the majority of stimulated muscles when first examined showed the type of T-wave 
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Fig. I. Electrograms associated ivith spontaneous contractions of papillary muscles. 
The displaced S-T segments noted disappeared slowly during oxygenation and stimulation, suggest- 
ing that there are injury currents in freshly prepared muscles which gradually diminish. 

Fig. 2. Upper records ARE FROM A single PREPARATION. 4:23 Control electrogram 95% 
O2, 5% CO; bubbling through chamber. 4:42 Rate of gassing decreased, 4:45 Electrogram 
recorded. 4:46 Rate of gassing increased. 5:01 Electrogram recorded. 5:05 Nitrogen sub- 
stituted for oxj'-gen in the gas mixture. 5:30 Electrogram recorded. 5:32 Oxj’^gen re-introduced 
into gas mixture in place of nitrogen. 5:35 Electrogram recorded. 6:45 Electrogram recorded. 
Apparently, the brief period of severe anoxia produced some permanent damage. Contractility w'as 
greatly depressed during the periods of anoxia. In the lower portion of this figure are the electro- 
grams from 3 muscles {A, B and C) before adequate oxygenation at i and after adequate oxygena- 
tion at 2. 

customarily associated with myocardial anoxia m situ, namely, an inverted or down- 
ward deflection. Following a variable period of rapid gassing in the isolation 
chamber (duration proportional to muscle thickness) the T-wave became upright 
with recovery of the S-T segment (fig. 2). This suggested so strongly- that the direc- 
tion of the T-wave could be influenced by the oxygenation, not only of the heart as a 
whole but of the isolated papillar}’’ muscle as well, that further experiments were 
performed. 

^ Although the letters Q, R, S, and T are employed to designate deflections in the limb-leads 
they will be applied here to llie similar patterns of the papillary electrogram. 
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III a series of five preparations in which the T dencclion was upright, decreasing 
the rate of flow of the usual gas mixture through the solution decreased the height of 
the T-wavc. When the rate of flow was increased and an electrogram taken a few 
minutes later tiic T-wavc was found once again to be at its initial height. To avoid 
possible changes in p\i a mixture of 95 per cent nitrogen and 5 per cent carbon dioxide 
was substituted for the oxygen-carbon dioxide mixture and allowed to bubble through 
the solution at approximately llie same rate. After a period of from 5 to 20 minutes 
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l/SEC. 2/SEC. 3/SEC. . 5/SBC. 

Fig. 3. Changes in the electrogram and myogR/\m of a papillary muscle during changes in 
temperature. There is some indication that the muscle was not in perfect condition at the beginning 
of the experiment but the results of temperature change are clear cut and have been repeatedly ob- 
served. The lower tracing is the electrogram. 

Fig. 4. Effect of changes in rate on the electrogram and myogram recorded simultaneously 
from a papillary muscle. Upper record: myogram; fewer record: electrogram. 

Fig. s. Effect of changes in the rate of stimulation on the T-wave of the papillarj' electro- 
gram. 


another electrogram was recorded. In each case this electrogram showed an inver- 
sion of the T-wave which was generally quite marked. Replacing the nitrogen wdth 
oi^gen produced a definite return of the T-wave toward the isoelectric line after 
several minutes. After one-half to one hour of ox}’’genation the final electrogram once 
more revealed the T-wave and S-T segment to be upright. These changes are shown 
in figure 2. 

Effect of Temperature on the Electrogram and Myogram. The effects of temper- 
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ature changes on the character of the electrogram and myogram were examined on 
five papiDary muscles. Records were made at temperatures of 42°C., 37°C., 32°C., 
27°C., 22°C. and occasionally at i7°C. when contraction would occur. The rate of 
oj^genation of the solution bathing the papiUary muscle remained unchanged during 
the entire series of recordings.® Figure 3 shows the electrograms recorded from a 
single papillary muscle at different temperatures. It is apparent that the duration 
of the R-wave, the R-T length, the duration of the T-wave, and the time taken for 
contraction of the muscle all increase 100 per cent for each decrement of io°C. The 
increase in the amplitude of contraction with decreased temperature has long been 
known (13) and apparently the quantitative aspects of the present records agree well 
with the consideration of energetics outlined recently by Varga (14) for rabbit 
skeletal muscle. 

Effed of Rate Changes. The effect of rate changes was studied on nearly all of 
the papillary muscles used. All other conditions were unchanged and only the rate 
of stimulation varied. Control electrograms were taken with the muscle stimulated 


Fig. 6. Effect of epineph- 
rine AND EPHEDRINE On the T- 
wave of the papillary muscle. In 
experiment A epinephrine (r: 
2,000,000) caused rapid sponta- 
neous contractions with the result 
shown to the right of .< 4 . In ex- 
periment B ephedrine sulphate (i: 
50,000 — see Krop’) caused a rapid 
spontaneous contraction with in- 
version of the S-T segment. 
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once per 2 seconds. Electrograms were then taken with the muscle stimulated at 
rates of i, 2, 3 and 5 per second. Following this, another electrogram was usually 
taken with the muscle stimulated at the control rate of one per 2 seconds. Figures 4 
and 5 illustrate the findings at different rates of stimulation. It is evident that the 
R-T length diminishes as the rate increases and that with increasingly rapid rates of 
contraction, the T-wave becomes depressed and finally inverted. The ‘treppe’ 
observed by Cattell and Gold (15) was regularly noted in vigorous preparations. 

Conversely, when preparations which manifested an inverted T-wave at stimu- 
lation rates of one per second were stimulated at a rate of once in 30 seconds, the T- 
wave associated with these isolated contractions was always upright. This empha- 
sizes the concept that relative, as well as absolute anoxia may control the T-wave 
direction in the papillary muscle as in the total heart. 

Tension. Changes in tension within a physiological range, as indicated by slight 
or no impairment of contractility, were without effect on the character of the elec- 
trogram. Overstretching produced a marked depression of the S-T segment, but the 
effects of injury in general have not been fully studied. 

Effed of Certain Chemicals. Although various drugs and poisons known to act 


® The chart on page 25 of (12) shows that 0.02M NaHCOs in equilibrium with 5 per cent carbon 
dioxide at 25°C. and Z7°C. will vary only between a pn of 7.30 and 7.40, respectively. 
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on the licarL were tested in preliminary fashion, the effects ])roduced by three are 
particularly suital)le for presentation at this time. 

Epinephrine has been employed to induce rhythmicity in heart muscle .strips (3) 
apparently upon the assumption that it corLslitutes a ])erfcctiy j)hysiological method. 
When enough has been employed to induce rhythmicactivity (iig. 6) the S-T segment 
and d'-wavc arc seen to become inverted, apparently the result of a rclativ’c anoxia. 
This phenomenon parallels the situation in intact animals (16) and is similar to the 
state jwoduced by increased rate (v.s.). There is no reason to consider that such a 
change in the electrocardiogram is caused by coronary constriction as has been 
proposed (17). 

The importance of the cardiac glycosides has led to much interest in their inti- 



Fig. 7. Effect or digitoxin (1:10,000,000) added at 2:.»7 to a failing muscle. Note tlic 
depressed T-\vavc which develops in the electrogram (upper (racing) when the inotropic actions are 
fully developed .(((nt'cr (racing). 

Fig. S. Effect of i.vmnino.v 
OF Tinoi, containing systems of the 
papillarj’ muscle produced by mer- 
curic ion (io“*M HgCb at Ilg), and 
the reversal induced by tliiosorbi- 
tol (3 X io"’M at SII). Contrac- 
tile force is shown below as percent- 
age of initial force. 

mate cardiac actions. The inotropic action is again demonstrated in figure 7 . In 
addition it is apparent that depression of the S-T segment, seen in clinical electro- 
cardiograms, occurs also in the papillar}'- muscle electrogram during the inotropic 
action of high concentrations of digitoxin. 

A number of substances have been found to prolong the R-spike duration, notably 
potassium and quinidine, but the action of the mercuric ion is most informative. 
Figure 8 shows the prolongation of the R-spike and its fusion with the S-T segment. 
The ability of a thiol (the water-soluble, non-toxic thiosorbitol) to reverse completely 
this action of mercuric ion is clear-cut. 

DISCUSSION 

To decide whether the characteristic potential changes obtained from heart 
muscles can be ascribed to moving dipoles (2) or to membrane depolarization (7) or, 
indeed, to any specific cellular state (22) is not within the immediate province of this 
study, )’-et certain observations reported here bear indirectly upon this matter and 
directly upon the genesis of the electrocardiogram. 
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The conventional electrocardiogram (lead II, for example) normally consists of a 
series of deflections which are largely, if not entirely, negative with respect to the 
base line. The electrograms of small areas of isolated, uninjured, well-oxygenated 
and vigorously contracting mammalian heart muscle are precisely the same. It is 
evident that hypotheses which postulate interactions between the potentials pro- 
duced by the two ventricles are not needed to explain the formation of the T-wave 
(i8, 19) or the R-spike (20). 

The sensitivity of the T-wave of these electrograms to anoxia induced directly 
by decreasing the available oxygen or indirectly by increasing the rate is equivalent 
to that of tlie limb lead electrocardiogram. This parallelism exists with respect to 
the actions of drugs; for example, inversion of the T-wave during the course of action 
of digitalis. 

Inspection of most records reveals that regardless of the speed of the contractile 
process, as modified by changes of temperature and stimulation rate, the peak of the 
T-wave voltage change occurs at about the midpoint of contraction and T is in- 
variably completed before relaxation is complete, suggesting that the T deflection may 
be intimately associated with the contracting state. However, this probably cannot 
be interpreted as constituting direct support for the hypothesis that the T deflection 
is of an electrokinetic origin (21) (e.g., streaming potentials developed during con- 
traction) for it is not clear how such a phenomenon as the streaming potential could 
be affected by absolute or relative anoxia. 

The form of the R-wave of the papillary electrogram is less responsive to con- 
ditions in the muscles’ environment. Normally, it shows a single peak, brief in 
duration and wholly similar to its reflection in the limb leads. Decreased temper- 
ature prolongs the spike time in an orderly fashion (Qio = 2) and it is probable that 
chemical reactions involving thiol groups are required for its rapid propagation. 

An intriguing line of thought has been developed by Seifriz (22), viz. “Electrical 
forces in tissues are most often attributed to the unequal distribution of ions at 
membrane surfaces, but equally if not more probable as a source of electrical energy 
is the untold number of oxidation-reduction reactions which take place within a cell. 
Because we pick up some of the free energy by means of platinum electrodes and thus 
produce an electric current that can be measured, it is not implied that an electric 
current is produced in the system. We could just as well express the free energy in 
terms of a different scale . . . say, for instance, in terms of calories”. Certain prelimi- 
nary studies with metabolic substrates and inhibitors as well as the results with 
oxygen had already led to a rudimentary interpretation of some of the present results 
along this line. It appears to be a most fruitful idea. 

The relevant literature contains many electrographic records which were ap- 
parently obtained from heart muscles in various degrees of depression as judged by 
the preparations described in this communication. Conclusions drawn from such 
experiments and mathematic expressions which describe such electrographic curves 
are not especially helpful. There is reason to believe that interpretations of elec- 
trograms of isolated heart muscle, whether obtained from a tissue immersed within a 
film or a much larger volume of electrolyte, can be made with more agreement when 
the tissue is known to be in a truly physiological state. The papillary muscle prepa- 
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ration should prove particularly helpful in this regard, provided cognizance is taken 
of the various experimental conditions shown here to affect the electrogram. 

summary 

Isolated papillar\' muscles from the right ventricle of the cat’s heart have been 
found particularly suitable for examining the electrical and mechanical actinty of 
mammalian myocardium. 

The normal electrogram of actively contracting, well-oxygenated and uninjured 
mammalian myocardial cells in a thin film of electrolyte is totally monophasic. 
There is a fast electrically negative deflection (‘R’) followed by a slow deflection (‘T’) 
in the savtc direction, e.xactly as in the normal limb-lead electrocardiogram. .Absolute 
anoxia (reduction in available O2) or relative anoxia (increased rate of stimulation) 
both cause inversion of the T deflection in a manner i)redictable from clinical e.xperi- 
cnce with the electrocardiogram, 'iemperature decrease (42°C.-i7X'.) prolongs 
both the R and T deflection of the electrogram in an orderly fashion (Qto = 2) and 
increases the amplitude and duration of contractions. Sympathomimetic amines, 
digitoxin and the mercuric (Hg^) ion c.xcrt important effects on the electrogram and 
meclianogram. 

There appears to be no further need for the previous complex explanations of the 
formation of the familiar limb-lead electrocardiogram which seems to be a peripheral 
reflection of the actual potentials generated by heart muscle cells. 
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ACUTE EFFECTS UPON THE LUNGS OF DOGS OF LARGE 
INTRAVENOUS DOSES OF ALPHA-NAPHTHYL 
THIOUREA (ANTU) 

CECIL K. DRINKER and ESTHER HARDENBERGH 
From the Department of Physiology, Earoard University School of Public Health 

BOSTON, MASSACHUSETTS 

I N 1944 Dr. Curt P. Richter proposed to us that an examination of the effects 
of ANTU upon the production and flow of lung lymph be undertaken to at- 
tempt to learn more of the effects of this compound which proved so potent a 
cause of pulmonary edema. A few preliminary experiments upon dogs were done 
which showed that ANTU did cause an increase in the flow of lung lymph, coupled 
with pulmonary edema and transudation into the pleural sacs. At that time 
ANTU was upon the restricted list as regards publication, so that in 1945, when 
one of us (1) made use of a single experiment to illustrate the effects of the drug, he 
was not permitted to describe the compound other than as a ‘thiourea derivative.’ 

In these first experiments, the ANTU, which is very insoluble in water, was 
ground finely and then suspended in a 6.0 per cent gum acacia solution to which 
sufficient sodium chloride had been added to give a concentration of 0.85 per 
cent. In a typical case a dog weighing 13.0 kgm. was anesthetized with nembutal 
and 26.0 cc, of the suspension were given intravenously. One cc. of the suspen- 
sion contained 10 mgm. of ANTU powder, so that the dosage given was large — 
20 mgm. per kilogram. Increase in the flow of lung lymph began an hour after 
the injection was made and mounted rapidly over the next six hours. At autopsy 
this animal showed an extreme degree of pulmonary edema and had 130 cc. of 
fluid in the pleural sacs. The lung lymphatics were enonnously dilated. The 
fluid they contained was almost red-cell free, and this, together with transudate 
collected from the trachea and that from the pleural sacs, contained practically 
identical amounts of protein. This pointed to a common source of the three 
fluids, the capillaries of the lungs. Microscopic examination revealed no kidney 
and no liver damage, nor effects of any sort in other organs. Richter had in- 
formed us that urine from rats killed by ANTU was fatal to other rats, but this 
evidence, that something toxic derived from the drug or the drug itself in veiy 
high dilution passed through the kidney, was not accompanied by renal changes 
obvious on microscopic examination. It is knovm (2) that foreign particles, in 
this case the suspended, finely divided ANTU crystals, are collected rapidly from 
the circulation by the liver. In this experiment, though sections of the liver 
revealed no abnormality, examination by polarized light showed many crystals 
arrested in or upon the Kupffer cells. 

The animal under discussion breathed ojg’’gen as soon as cannulation of the 
Received for publication December 5, 1947. 
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right lymphatic duct was completed and practically constantly until the close 
of the experiment. After 2 hours and 20 minutc.s de^'oted to collection of lung 
lymph, both under natural breathing of oxygen and, to accelerate lymph flow, 
with artificial respiration by means of a pump which duplicated the rate and 
volume of natural breathing, ANTU was given. In summaiy, it was found: 

1. One hour after ANTU injection there was definite evidence of increased 
production of lung iymph. 

2. This increase mounted .steadih' for seven hour.-?, when the animal was 
sacrificed by bleeding to death. 

3. The protein content of the lung U'lnph first became greater, but during the 
last three hours of the experiment, when lymph flow increased vey rapidly, the 
protein fell slowly. 

4- During the last 2?, hours, minute volume of breathing rose from 5 to ap- 
proximately 15 liters. 

5. Blood pressure did not become dangerously low until practically the end of 
the experiment. Then, oven though the animal was breathing oxygen, the 
arterial blood became exceedingly dark, indicating a high degree of terminal 
anoxia. 

It was apparent from this and from similar experiments that ANTU caused 
acute lung edema in dogs, and that this condition was the dominant immediate 
effect of the drug. Furthermore, an increase in the production and flow of lung 
l^'mph was an early expression of ANTU action, and this cfTcct could onb’ be due 
to increase in the passage of water and solutes from the blood through the capil- 
lary walls. The compound was an agent which caused progressive, nonhemor- 
rhagic and noninflammatory leakage from the lung capillaries, and since, by 
examining the production of lung lymph, objective evidence of the onset and 
effects of lung edema uncomplicated b3' cardiac breakdorra could perhaps be 
secured, further experiments were done of which typical examples are now pre- 
sented in this paper. 


EXPERIMENTAL 

Much experience with the effects of intravenous injection of ANTU suspen- 
sions, such as have been described in the introduction, brought out the uncer- 
tainty of this method of administration. The time between injection and the 
onset of lung changes, evidenced by Ijunph flow or respiratory changes, was 
extremety variable. Such prompt effects as have been described were obtained 
irregularly. Sometimes no change was obseia’-ed during 6 to 12 hours, and then 
the animal passed rapidly into pulmonary edema. No explanation could be 
gained as to these capricious effects, which were so unpredictable as to make the 
use of ANTU for the study of the early plysiological manifestations of lung 
edema impossibty time-consuming and troublesome. 

Although Dieke and Richter (3) had shown quite wide variations in sus- 
ceptibility of dogs to ANTU depending on age, it was felt that the insolubility of 
ANTU in water was clearty a major stumbling block. In 1946 DuBois, Holm 
and Doyle (4) reported experiments upon dogs and rats in which they admin- 
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istered ANTU dissolved in propylene glycol. They gave this solution intra- 
peritoneally and found that in lethal dosage there was a prompt h 5 '-perglycemia 
followed by evidence that as poisoning progressed carbohydrate metabolism was 
profoundly altered. They noticed no immediate effects from intraperitoneal 
injection but concluded that hyperglycemia appeared so promptly as to make 
evident the rapid entrance of the intraperitoneal solution into the blood. The 
discovery of the solubility of ANTU in propylene glycol was at once utilized, the 
solution being given intravenously to dogs under barbiturate anesthesia. The 
injection must be given slowly, since breathing may fail if dosage is too rapid. 
Propylene glycol, in the amounts given, caused a fair degree of hemolysis. The 
protocols of two experiments follow: 

April 16, 1947. Dog 1, young adult, Aveight 12 kgm. Breathed air through- 
out experiment. 

9:25 A.M. 8 cc. of 5 per cent nembutal, intravenously. 

10:30. 100 cc. of Pinger’s solution, intravenously. 

11:00. 1 cc. of 5 per cent nembutal, intravenously. 

11:30. 5 cc. of one per cent T-1824 in Avater intratracheally . This solution is ab- 
sorbed practically entirely by lung lymphatics and causes the lung lymph 
to become blue, thus identifying the right lymphatic duct very clearly. 

12:30 P.M. 1 cc. of 5 per cent nembutal, intravenously, 

1:55. Arterial blood specimen 1, for blood gas analysis. 

2:00. Finished cannulation of thoracic and right lymphatic ducts. Lung 
lymph from right duct dark blue. Thoracic duct lymph light blue, 
due in all probability to vascular absorption of dye given at 11:30 
a.m. 

2:15. 1 cc, of 5 per cent nembutal, intravenously. 

2:23. Arterial blood pressure 168 mm. Hg. 

2:24-2:32. Intravenous injection 12 cc. of 2 per cent ANTU in propylene 
glycol. 

3:03. Arterial blood specimen 2, for blood gas analysis. 

3:08. Arterial blood pressure 155 mm. Hg. 

3:34. Rectal temperature 36.5°C. 

3:54. Arterial blood specimen 3, for blood gas analysis; hematocrit, 54 per 
cent red cells; plasma protein, 5.96 grams per cent. 

3:57. Arterial blood pressure 160 mm. Hg. 

4:08. Arterial blood specimen 4, for blood gas analysis. 

4:17. Arterial blood pressure 162 mm. Hg. 

4:20. Rectal temperature 37°C, 

5:12. Arterial blood specimen 5, for blood gas analysis; hematocrit, 62 per 
cent red cells; plasma protein, 6.31 grams per cent. 

5:17. Arterial blood pressure 123 mm. Hg. 

5:33. Arterial blood pressure 105 mm. Hg. 

5:55. Arterial blood specimen 6, for blood gas analysis; hematocrit, 80 per 
cent red cells; plasma protein, 7.44 grams per cent. 

5:56. Animal died. 
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G:00. Trachea tied. Autops}' performed, lungs being removed without 
wounding. No transudate in either pleural sac. The dye given 
intratrachcally was mainly in the dorsal and dependent parts of the 
lower lobes. Tracheobronchial lymph nodes blue. Bluish bmpha- 
tics traced to node in upper right side of chc.st, from which efferents 
united in right lymphatic duct which was cannulated. 

On section the cut surfaces of the lower lobes were wet, and many .small and 
large bronclii exuded frothy bluish fluid, as did the trachea. 

On microscopic examination, sections taken from the sternal and non-depen- 
dent part of the right upper lobe showed alveoli with thinned walls. These 
emphysematous areas wore localized through the .section. Here and there one 
found slight thickening of alveolar walls. There was no intra-alveolar transudate. 
Most striking and univcrsalb'’ distributed through the section was wide dilatation 
of lymphatics about blood vessels and bronchioles. These were filled \nth 
light pink-staining fluid containing vciy few colls. There was no visible transu- 
date in the lumina of the l^ronchiolcs. 

Sections from dorsal parts of the lower lobes showed the same wide dilatation 
of perivascular and peribronchial lymphatics. Bronchioles frequently contained 
pink-stained nongranular material like that in the lymphatics, together wth a 
few red and white cells. Here and there through the slides alveoli contained 
many red cells, and alveolar capillaries were frequentb'- overfilled with red cells. 

Figure 1 is a photomicrograph showing the changes we have de.scribed. In 
figure 2, the experiment is summarized. It is clear that a rise in the flow of 
lymph from the right duct, lung lymph, began less than an hour after administra- 
tion of ANTU and continued unbrokcnly until the end of the experiment. This 
fact means that lymph production, that is, transudation of fluid from the lung 
capillaries in excess of reabsorption, must have begun soon after ANTU injection 
and continued until the death of the animal. At autopsy, a moderate degree of 
pulmonary edema was evident on gross examination, and on microscopic search 
the finding was verified. But transudation into the alveoli was by no means gen- 
eral, and there w'as no fluid in the pleural sacs, a usual finding when ANTU acts 
over a longer period of time, as vdll be illustrated bj’’ the next experiment. 

In our opinion, this experiment illustrates the early stages of pulmonary edema, 
when fluid leaving blood capillaries is in the main within the lung tissue and has 
not entered the alveolar air space to any large degree, though the fact that some 
alveolar filling was observed and that the trachea contained bloody froth in- 
dicated that the grosser, more widespread aspects of pulmonary edema were 
close at hand. Excess proteinized fluid, the transudate from lung capillaries, 
has ready access to the bonph capillaries of the lungs, and this fact is expressed 
by the increase in lymph flow and by the great dilatation of lymph channels 
observed microscopically (fig. 1). 

Referring further to figure 2, line B, it is found that the rate of breathing began 
to rise shortly after increased lymph flow was established and grew steadily 
greater to the end of the experiment. Minute volume was also progressively 
enhanced. These changes in breathing cannot be related to anything dis- 
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Fig. 1. Low-power piiOTOJncRooRAPH of a section from the dorsal part of a lower lobe 
of the lung from dog 1. X 120. Notice the greatlj^ distended peribronchial and perivascu- 
lar lymphatics and the negligible degree of alveolar transudation. 



Fig. 2. Summary OP THE COURSE of the e.xperiment upon do( 7 1. Lfwe A, minute volume of 
breathing in litei’s; line B, rate of breathing per minute; line C, flow of thoracic duct lymph 
in cubic centimeters per 15 minutes; lincD, flow of right duct l^^mph in grams per 15 minutes. 
Circled numbers indicate times of securing arterial blood for gas analysis (table 1). Ab- 
scissa, time in hours; zero time 1:40 p.m. ANTU given at arrow. 

Fig. 3. Su.MMARY OF THE COURSE of experiment upon dog 2. Line A, minute volume of 
breathing in liters; line B, rate of breathing per minute; line C, flow of thoracic duct lymph 
in cubic centimeters per 15 minutes; line D ,^o\x oi right duct lymph in grams per 15 minutes. 
Circled numbers indicate times of taking arterial samples for blood gas analysis (table 2). 
Ahscfssa, time in hours; zero time 11:00 a.m. Oxygen administration begun at first arrow, 
ANTU injection at second arrow. 
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covcrjiblc in the l)looc1 h}* incan.s of gas analyses. "I'able J gives I he oxygen and 
carbon dioxide figures for the exj)erimenf., ( he .sjiccimen.‘< of arterial blood having 
been taken at the times indicated by the circled numbers in figure 2, Obvionsh' 
there are no data in tabic i which explain the increase in i)reathing, both rate 
and minute volume. It is our opinion that the increase is neurogenic, and, 
lacking other lines of explanation, we are driven to the belief that transudation 
into the alveolar partitions, with abnormal distcmtion and fixation of alveolar 
size, may cause stimulation of breathing through alveolar nerve endings; or 
AXTU, per .se, which undoubtedh’’ .alTects hmg capillaries, may, at the i'-amc time, 
stimulate breathing. If thi.s last were the case, it would seem that maximal 
stimulation of breathing .should ocaair immofliately following AX'rU injection. 
The change in respiration is, however, something that develops gradually, ap- 
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pearing wth the carl}' i)hases of what will progress to extensive pulmonaiy edema 
if the animal survives long enough. 

April 28, 1947. Dog 2, young adult, weight lo.S kgm. Breathed oxygen 
throughout experiment. 

9:20 A.M. 11 cc. of h per cent nembutal, intravenously. 

11:00. Finished cannnlation of right lymphatic duct and started collection of 
lymph. 

11:30. Finished cannulation of thoracic duct and started collection of l.ymph. 
11:40. 150 cc. of Ringer’s solution, intravenously. 

11:45. Arterial blood specimen I, for blood gas analysis. 

1:05 p.M. Arterial blood pressure 17G mm. Hg. 

1:17. Arterial blood specimen 2, for blood gas analysis; hematocrit, 40 per 
cent red cells. 

1 : 18. Arterial blood pressure 172 mm. Hg. 

1:19-1:25. Intravenous injection 15 cc. of 2 per cent AXTU in propylene 
glycol. 

2:10. Arterial blood specimen 3, for blood gas analysis; hematocrit, 42 per 
cent red cells. 

2:12. Arterial blood pre.ssure 1G7 mm. Hg. 

3:50. Arterial blood pressure 172 mm. Hg. 
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3:55. Arterial blood specimen 4, for blood gas analysis. 

4:50. Intravenous injection 50 cc. of Ringer’s solution. 

5:20. 1 cc. of 5 per cent nembutal, intravenously. 

5:37. Arterial blood specimen 5, for blood gas analysis; hematocrit, 58 per 
cent red cells. 

5:40, Arterial blood pressure 152 mm. Hg. 

5:41. 1 cc. of 5 per cent nembutal, intravenously. 

6:00. Arterial blood specimen 6, for blood gas analysis; hematocrit, 79 per 
cent red cells. 

6:05. Aiderial blood pressure 105 mm. Hg. 

6:15. Death of animal. 

6:25. Trachea tied and autopsy done at once. Lungs removed unwounded. 
Right pleural sac contained 25 cc. of straw-colored, slightly turbid fluid; pro- 
tein content was 4.57 per cent. Left pleural sac contained 15 cc, of fluid of simi- 


Table 2, Gas analysis of arterial blood specimens from dog 2 


TIME 

SPECIMEN 

number 

OXVGEN 

CONTENT 

OXVCEN 

CAPACIXy 

OXYGEN 

SATURATION 

CARBON DIOXIDE 
CONTENT 

a.w. 

i 

tol. per cent 

vol, per cent 

per cent 

vol, per cent 


Breathing air 




11:45 

1 1 

1 17.82 

19.16 

93.0 


12:00 

Start breathing oxygen 




p.m. 






1:17 

2 

20.49 

20.82 

98.4 

43.34 , 

1:19-1:25 

Intravenous injection of ANTU 



2:10 

3 

20.35 

20.28 

100.3 

43.41 

3:55 

4 

20.60 

21.53 

95.6 

39.84 

5:37 

5 

26.12 

27.33 

95.5 

31.92 

6:00 

6 

22.11 

clotted 


32.76 

6:15 

Dog dead 

! 





lar appearance; protein content was 4.4 per cent. The last collection of lung 
lymph from the right lymphatic duct had a protein concentration of 4.54 per 
cent, indicating a common origin for pleural fluid and lymph. 

The limgs, particularly upon the dorsal and dependent aspects, were livery and 
semi-solid. The appearances grossly were those of pulmonary edema and stasis. 

On microscopic exmination, sections of the right upper lobe from the sternal 
region, where gross appearances were more normal, showed overfilled blood 
vessels, widely dilated lymph trunks and no lung edema nor exudate in the 
bronchi. The alveolar walls in some regions contained capillaries overfilled with 
blood, in others, the thinned acellular alveolar partitions one associates with 
emphysema. Distended lymphatics were filled with light pink material en- 
meshing moderate numbers of leucocjdes. Sections from the dorsal dependent 
part of the right lower lobe showed overfilled blood vessels, including capillaries 
in the alveolar walls. These walls were somewhat thickened, and the major 
number of alveoli appeared small as if compressed. Occasionally there were 
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small amounts of transiulatc in the alveoli, but none in the hi-onchi. Perivascular 
and peribronchial lymphatics were wi(lol3' dilated and filled with pink-staining, 
fibrinous l.ymph, enmeshing occasional white cells. lildema of the 'I'isceral 
pleura is marked. Similar micro.scopic nppeai-ancc of lungs from dogs and rats 
poisoned with AIsTU are admirably' described and illustrated in a recent paper 
by Latta (o). 

Peribronchial lymph nodes were not abnormal. 

In figure 3, the general course of experiment 2 is given. Thi.s experiment was 
in agreement with experiment 1 . Wlicrc difTercnces occurred, thej' were in degree 
and not in basic import. For example, re.spiratory increase occurred con- 
siderably after lung lymph flow began to rise, and failure of breathing was not 
so abnipt as in the first case. The prc.scnce of pleural transudate indicated a 
more advanced stage of ANTU action, which in our experiments was not as 
easj’ to obtain if o.xygcn was not used, since the anesthetized and supine animals 
succumb to anoxia, due to tracheal and bronchial blockage from frotin' transu- 
date before more wide.sproad blood capillarx' leakage cxprcs.ses itself. 

In table 2 are found the blood gas data for experiment 2. Again, there is 
agreement with the findings reported in table 1 for the first dog, 

DISCUSSION 

Two typical experiments out of a long series bring out the facts that ANTU 
dissolved in propjdene glycol, and given intravcnouslj’ to dogs under nembutal 
anesthesia, induces abnoimal escape of water and plasma proteins from the 
pulmonarj' capillaries. If aiy dcgiee of leakage from sj’stemic vessels occurs 
simultaneously, it is so small as to escape notice. 

This specific effect of ANTU results in increased bmiph production and Ij'mph 
flow. Since fluids containing the blood proteins are not absorbed bj* the lung 
capillaries except in traces (6), their removal from the lung parenclyma depends 
upon entrance into lung bnnphatics with eventual delivciy to the blood via 
the right tymphatic duct, or by entrance into alveoli with eventual tysis or out- 
ward transport along the air passages. Since the lung lymphatics, though quite 
voluminous (7), are restricted in their deliveiy of lymph bj’’ the small size of the 
right lymphatic duct, any increase in transudate from lung capillaries tends to 
cause pulmonaiy edema. In the case of ANTU, which acts so specifically upon 
these capillaries, the effects are rapid and progressive, so that poisoned animals 
soon drown in transudate. An increase in the flow of lung lymph constitutes the 
first functional exjDression of what will soon become extensive lung edema. 
Following the change in Ij^ph flmv, there is enhanced rate and minute %'olume 
of breathing, and this stimulation of breathing has not been shown to be due 
to changes in oxygen or carbon dioxide in the blood. It is not a central but a 
peripheral effect which accompanies distention of alveolar partitions bj’’ transu- 
date. 

No one can assign a final cause for the heightened breathing which accom- 
panies rapid transudation of fluid from the lung capillaries. It is not a reaction 
favorable to the organism, and it may produce defective aeration of the blood. 
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Also, the very intensity of respiratory movement causes extensive frothing of the 
proteinized transudate in the air passages, and, in our opinion, the anoxia re- 
sulting from blockage of air movement by foam is the eventual cause of death. 
Inhalation of pure oxj’-gen vdll delay death, but we know of no measures which 
will save ANTU-poisoned animals after increased lymph flow is definitely present, 
forecasting progressive lung edema. 

SUMMARY 

Dogs under nembutal anesthesia and given intravenously 2 per cent alpha- 
naphthyl thiourea (ANTU) in propylene glycol, one cc. per kilogram, developed 
fatal pulmonary edema. The first evidence of changes leading to edema was 
increase in the flow of lung l 3 Tnph. Greater rate and minute volume of breathing 
followed. Blood gas analj'-ses indicated that the hyperpnoea of rapidly develop- 
ing pulmonaiy edema was peripheral in origin. 

Detailed protocols are given for two typical experiments. 
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EFFECT OF ANOXIC ANOXIA ON i^IYOGLOBIN CONCEN- 
TRATION IN STRIATED jNIUSCLE 

wiLLiA?.! r.. roi':L 

From lltc Expcrimrnlal Biology and Medicine Imtitutc, Laboratory of Plty:kal Biology, 
National Instilulcs of Ilcallk, U. S. Public IJealth Service 

UETIIESDA, SfARYWN'D 

T he characteristics of myoglobin in zilro Ijavc been demonstrated to be 
those of a respirator}* pigment, but the role of myoglobin in vivo has yet to 
be fully established. The literature to date affords two substantiated con- 
cepts with regard to its ]')hysiologic nature; namely, that myoglobin exists in striated 
muscle as a distinct heme pigment, and that it may act as a short-time oxygen store 
in the cell to tide the muscle over from one contraction to the nc.xt (i). 

The study here reported was undertaken to determine whether or not myoglobin 
plays a part in the adaptation resjmnse of the organism to chronic ln*poxia. Spe- 
cifically, the study was designed to elucidate the physiologic effect of high altitude 
hypoxia on the myoglobin concentration in specific muscles of albino rats, and to 
disclose the extent, if any, of parallelism between changes in the myoglobin content 
of muscles and the increase in hemoglobin content of blood which occurs because of 
altitude hypoxia. 


EXPERIIIENTAL 

Albino rats were subjected to a simulated altitude of 25,000 feet for four consecu- 
tive hours daily, from 12 to 312 days. The condition of the animals and their 
adaptation response to exposure were ascertained b}' periodic physical inspection, 
and by body weight, blood hemoglobin content and hematocrit determinations. The 
hematocrit values were obtained with Van Allen tubes. Hemoglobin concentrations 
were determined by heraolyzing one part of whole blood from the tail in 250 parts 
of distilled water, centrifuging, and measuring the densities of the resultant solution 
of oxyhemoglobin with a Beckman Spectrophotometer’ at the wave lengths 5100, 
5410, 5600 and 5770 A. The value for hemoglobin recorded was the average con- 
centration calculated from the four densities for the wave lengths above, using the 
specific extinction coefficients for oxyhemoglobin at those wave lengths determined 
by Horecker (2). 

Except for the daily periods spent at altitude, the exposed animals and their 
designated controls were caged together and kept on the same diet, to which they 
had unrestricted access. After specific periods of exposure to simulated altitude, 
pairs of experimental animals and their controls were killed. The gastrocnemius 
and soleus muscles were dissected out and analyzed for their myoglobin and hemo- 
globin contents by methods of analysis (3, 4) reviewed here insofar as they pertain 
to the data presented. 

Received for publication October 22, 1948, 

Beckman Spectrophotometer was used throughout this study. All measurements were 
made with a slit width of .04 mm. 
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The tissue sample was frozen in dry ice and hammered to a fine powder. A weighed amount 
of the powder was hemogcnizcd witlr a known volume of distilled water (3) in the ratio 1.2 to 2.4 gm. 
of sample per 10 ml. H2O. The homogenate was centrifuged to remove the extracted meat residue, 
and the supernatant (pn s.9-6.2) decanted and heated rapidly in a water bath to a temperature 
of 53''5S'’C. Within the limits of pn and temperature stated, proteins producing turbidity in the 
supernatant were coagulated and removed by centrifugation and filtration without significantly 
affecting the concentration of myoglobin in the extract (4). 

The cleared extract was buffered witli M/2 phosphate buffer pn 7.1-7.2 and divided into two 
portions. 

c) The chromoproteins in one portion were oxidized by the addition of a few particles of pow- 
dered potassium ferriej’anide, and converted to cyan-mctmj'oglobin and cyan-methemoglobin by 
the addition of a small crj'stal of KCN. Tlie sum total of myoglobin and hemoglobin in the mixture 
was calculated from the density of this preparation at the wave-length 540 m/i by means of the 

formula, c = X d.f., where c is the total concentration of chromoproteins in moles or equiv- 

li# X i-/ 

alents per liter, D is the optical density of the solution at 540 m/i, E is Drabkin’s molar extinction 
coefficient 11.3 X 10^ for cyan-metmyoglobin at 540 rufi (5), L is the thickness of the absorbing layer, 
and d.f. is Uie dilution factor due to buffering. 

b) The chromoproteins in the second portion were reduced with dithionite in an atmosphere of 
carbon mono.xidc to convert the cliromoproteins to a carbonyl-myoglobin and carbonyl-hemoglobin 
mixture;® and the absorption of the preparation in the visible range was studied for indications of 
chromoprotein denaturation and, in their absence, for the specific wave-length densities required to 
calculate the heme pigment fractions in solution (fig. i). 

The molarities for the individual hemoglobin and mj'oglobin components of the extract were 
calculated from the densities at the wave lengths 568 m^i and 538 m/i, by means of the formulas, 


IMbCO] = 


Decs X EFj^s - Dsss X ^ 

•pMb w pHb "V ^ ’ ** 

•^668 ^ -^638 ^ *^668 


and 


IHbCO] = 


Decs X Es^l^ - Dm X E^^^ 

TT'Hb w TrMb TT^b \y TT^^b ^ 

i-'5C8 ^ ^538 ^638 ^ ^568 


where [MbCOJ and [HbCO] are the molar concentrations of carbonylmyoglobin and carbonyl- 
hemoglobin: Dies and Dtss are the measured densities of the solution containing MbCO and HbCO 
at wave lengths 5C8 and 538 m^, respectively; EIos and E®3s, the molar extinction coefficients of 
14-5 X 10® and 14.8 X 10® for HbCO at the wave lengths 56S and 538 mfi, respectively; Ejss and 
E538, similarly the molar extinction coefficients of ri.8 X 10’ and 14-8 X 10’ for MbCO at the wave- 
lengths 568 and 538 m^j, respectively (fig. i) ; d.f., the dilution factor for correcting dilution due to 
buffering, and the thickness of the absorption layer is i.oo cm. (6). 

In order to compare the myoglobin or hemoglobin determinations on different samples, the 
calculated molar concentrations were converted to milligrams of Mb or milligrams of Hb per gram 
of muscle by means of the formula, 


Mb mg/gm. muscle ^ x [MbCO] or [HbCO] X w.f. 

Hb mg/gm. muscle ~ 

where 17,000 is the equivalent weight assumed for Mb and Hb, and w.f. is the fraction of a liter equal 
to the sum of water used to transfer the powdered tissue sample to the homogenizing tube plus 
7 S per cent of the sample weight, assuming that 75 per cent is the water content of the muscle 
sample (7). 


Identical processing was employed for each pair of experimental and control 
animals in the series to make their results directly comparable for the effect of altitude 

® The quantity of cytochrome in rat gastrocnemius and soleus muscle extracted by this process 
is negligible. 
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cx])Osurc. "J'o 111111:0 the findings for all pairs dircelly comparable, the concentrations 
of myoglobin for each cx]ioped animal and for its specific control arc expressed in the 
form of a whole number ratio (laldc col. 6). By thus equating all variables but 
the duration of altitude exposure for the different pairs, each ratio expresses a de- 
creased or increased myoglobin concentration for the exposure time given in column 4, 
depending upon whether the ratio is less or more than i.eo. Comparison of the 



535 5S0 545 550 555 560 565 570 575 580 

WAVE LENGTH (M^) 


Fig. I. Absorption curves for carbonyl-myoglobin (MbCO) and carbonyl-hemoglobin 
(HbCO) for the wave-length span 536-578 m/i. Determinations of the carbonyl-myoglobin and 
carbonyl-hemoglobin concentrations for mixtures of both iicmc pigments were based on the optical 
densities of the mixture and the respective molar extinction coefficients of the pigments at the wave 
length 538 and 56S. 

ratios for two or more pairs of animals gives an index to the relative changes in 
myoglobin concentration due to the differences in time spent at altitude. 

With suitable modifications of the method reviewed above, anatyses were made 
also of the hearts of animals numbered 6 to 12 in this study. Refinement of the 
modified method for rat heart anatysis was carried to a point where significant but 
only roughly quantitative results were obtained.® These preliminary data appear to 

^ Modifications in the method described were required to make it applicable for the analysis of 
heart muscle, a) Heat coagulation of the interfering proteins in a water extract of cardiac muscle 
does not take place within the temperature range given above for skeletal muscle extracts. This is 
due in part to the greater alkalinity of the heart extract (pn 6.75-6.90) as compared with that for the 
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corroborate the observation reported for heart tissue by Hurtado et al. (8) that the 
concentration of myoglobin in cardiac muscle is increased by high altitude hypoxia. 

Despite the significance of a study of m3’-oglobin in heart muscle, this was not 
the primar}’- purpose of the investigation. As a consequence, and because of apparent 
corroboration by the preliminarj'- findings of obser\’^ations already published, further 
attempts at methodologic refinement for more precise quantitative estimations of 
cardiac myoglobin were postponed. The observations made pertaining to cardiac 
myoglobin concentration and the implications drawn from these observations are 


Table i. Hemoglobin, hematocrit and body weight changes in a tybical experimental 

MALE RAT^ AND CONTROL^ SHOWING EFFECT OF ALTITUDE EXPOSURE 


DATE 

BODY WT., Gil 

nElfATOCRIT TOTAL 
CELL VOL.%> ^ 

HEMATOCRIT RED CELL 
VOL. % 

HESrOGIOBIN CONC., 
Cir/loo ML. BLOOD 


Exp. 

Contr. 

Exp. 

Contr. 

Exp. 

Contr. 

E.xp. 

Contr. 

Nov, 4= 

2 II 

190 

48.8 

45-6 

1 

47.2 

44-2 

14.2 

13-6 

Nov. 7 

208 

206 

49.9 

47-3 

49.0 

46. 1 

14.7 

13-7 

Nov. 21 

215 

222 

69-3 

49,0 

68.3 

48.0 

20.4 

IS-S 

Dec. I 

218 

240 

70-5 

49.8 


48.2 

21 . I 

14.0 

Dec. IS ! 

216 

264 

77.1 

SO - 7 


49.1 

22.7 

iS -4 

Dec. 29 

232 

311 

78.2 

5 I-I 


50.0 

23.8 

iS -3 

Jan. 5 

241 

332 

79-3 

1 49-0 


48.0 

23.5 

14.6 

April 7 

282 

340 

80.4 




23.9 



^ These animals are listed as 6X (Experimental) and 6C (Control) in table 2. 

® One day prior to initiation of altitude exposure of experimental animal. The animal was ex- 
posed to a simulated altitude of 18,000 ft. for the first 2 days, and to 25,000 ft. thereafter. 

® Total cell volume includes the huffy layer above the packed red cells. 

mentioned in the following sections, but no pertinent quantitative data are given in 
this report. 


RESULTS 

Body Weight, Eemoglobin and Red Cell Volume Changes 

These changes in the albino rat following altitude exposure have been dealt 
with intensively by other investigators (9-12). The uniformity of these changes in 
the exposed animals was such that the data for a single pair, given in table i, may be 
regarded as typical.^ Increases in the red cell hematocrit values and hemoglobin 
concentrations began soon after exposure to altitude was initiated, and continued 
for approximately 6 to 10 weeks during the course of exposure before showing in- 
dications of having reached a steady state. There were no exceptions to the trend 
of these changes in any of the exposed animals. 


gastrocnemius and soleus muscle (pn 5.9-6, 2). b) The absorption spectra for cardiac muscle extracts 
differ from those of the gastrocnemius and soleus to an extent requiring correction for chromoprotein 
absorption other than that due to myoglobin and hemoglobin. 

* These animals are listed as 6X (exposed) and 6C (control) in table 2. 
























48 


W^Ll.tA^t K. POEL 


VduKt /j/5 


Ilcmoiilpbln Couient of Musck Saml)les 

The concentration of blood hemoglobin In the tissue extracts of animals exposed 
to altitude increased juogressivcly with the duration of altitude exposure and parab 


Taui.r 2. ErrrcT or AtTirtTur, nvroxiA ox v-voounuK cONcr-STaATJox jx rur. cAsiaocMatrcs 

AND f,om:cs jti'scwat or alhino rats 




t 

} 

i 


nn 

trx 

; Tr»y!?.’At ace, 
t-AVK 

i 

’ VK\ t or rjKrastTFt 

TO 3 ^/tJCO rt. xt?** 

1 (CAsnr, A).t> wurcsi 



1 4 >f*?Auv 

} 

1 

• ^5f/e!r.. oJ 

1 RaUs of Mb.Etp/ 

1 Coay.* 

/X' 

M 

SCO 

r-t 

1 

: 2 . CO 

1 1.39 

lO 

M 

300 

0 

r. 6 S 

\ 

zX 

M 

s:o 

33 

j 1.S2 

i 0.81 

zC 

M 

3 X 0 

0 

1 2.25 


iX 

M 

250 

43 

i i .97’ 

0.95 

JC 

.M 

220 

0 

2.0? 


4 X 


230 

47 

2 • 37 * 

1.36 

4C 

M 

230 

0 

2.04’ 


sx 

.M 

166 

13 

1.86 

0.93 

sc 


J 65 

0 

2.05 


6X 


300 

iS2 

1-57 

0.66 

6C 

M 

177 

0 

2-57 


7X 

M 

300 

IS 7 

1.66 

0.77 

7 C 

M 

3 ro 

0 

2,x6 


rA' 

M 

310 

163 

: ,46 

0.70 

SC 

M 

310 

0 

2.09 


gX 


311 

297 

1 . 73 

0.64 

pc 

M 

310 

0 

2.72 


loX 

F 

200 

rS6 

1.34 

0.76 

joC 

F 

205 

0 

3.76 


iiX 

F 

206 

193 

1-52 

0.87 

izC 

F 

305 

0 

J.75 



F 

336 

31= 

3.56 

0.86 


F 

300 

0 

1.S2 


TSX 

F 

212 

198 

M 

M 


Misccllamota Analyses 

A 

M 

360 

0 

2.56 


B 

M 

360+ 

0 

1-95 


C 

F 

250 

0 

1-95 


ly 

F 

330 

0 

1.5S 



* 'X’ and 'Exp/ — Exposed animal, 'C’ and Contr. — Control animal. * INI. Gastr. only. 

* Early pregnancy. 


leled the rise in red cell volume closely. The hemoglobin concentrations for tlie 
animals iX, 2X, 3X and 4X, exposed from 14 to 47 days, were 0,25, 0,41, 0.65, and 
0.44 mg/ gm. of muscle sample respectively. The hemoglobin values for the muscle 
samples of animals that reached a steady state, i.e. the group in which the exposure 
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period was 152 days or longer, ranged from 0,57 to 0.68 mg/gm, of muscle. The 
range of values for their controls was 0.08 to 0.20 mg/gm. 

Although absolute values are used to express the concentration of ‘tissue- 
trapped hemoglobin’, these values should be considered only as roughly quantitative 
in significance. They do demonstrate that, all other conditions being the same, the 
animal with polycythemia had an increased amount of red cells trapped in its muscle 
sample at death as compared with the control; the amount of hemoglobin present 
having a positive correlation with the duration of altitude exposure and red cell 
volume increase. 


Changes in Myoglobin Concentration 

1. Gastrocnemius and soleus muscles (table 2, cols. 5 and 6). The analyses of 
the animals with 152 days or more of altitude exposure all show marked diminution 
of myoglobin concentration in the gastrocnemius and soleus muscles, regardless of 
the sex of the animal or the age at which exposure was initiated.® No significant 
change in myoglobin concentration could be demonstrated for the group with an 
exposure period of from 12 to 47 days however. 

It is interesting to note that of all the analyses made, the lowest myoglobin con- 
centration in leg muscle was obtained on analysis of rat lyX (table 2). This one 
animal died during an exposure period at 25,000 ft. in the altitude chamber, after 
ig8 days of previous exposure. 

2. Cardiac muscle. The hearts of all exposed animals were grossly hyper- 
trophied as evidenced by their size and weight. This condition due to altitude 
hypoxia has been previously described (9-12). 

Heart analyses for changes in myoglobin concentration were made only for the 
animals numbered 6 to 12, of the group with 152 or more days of altitude exposure. 
In every instance the concentration of myoglobin per gram of heart muscle was 
significantly higher in the exposed animal than it was in the control. The findings 
therefore indicate both an increased concentration of myoglobin per gram of heart 
muscle, as well as an increase in the total content of cardiac myoglobin for the ex- 
posed animal. 


DISCUSSION 

The contrasting points of significance enumerated above may be summarized as 
follows: 

1. There is no demonstrable change in concentration of myoglobin in the gas- 
trocnemius and soleus muscles of rats exposed to altitude anoxia for periods up to 
47 days, under the experimental conditions described. However, marked increases 
in blood hemoglobin concentration and circulating red-cell volume do occur during 
those periods. 

2. There is a marked decrease in myoglobin concentration in the gastrocnemius 
and soleus muscles of rats exposed for 152 days or longer. However, the blood hemo- 
globin concentration and red-cell volume, after continuously increasing during the 
first 6 to 10 weeks of exposure, remain fairly stable thereafter and show little sig- 

^ The age at which altitude exposure was initiated is the difference between the total daj's of 
exposure for the animal and its terminal age; ref. cols. 3 and 4, table 2. 
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nificant variation during the j)eriod of exposure in v/hich a reduction in concentration 
of leg-muscle mj'oglobin is obsen'cd. 

3. Heart tissue analyses indicate an increase both in content and concentration 
of cardiac myoglobin in the rats cx-posed to altitude anoxia. Analv-ses of skeletal 
muscle, on the other hand, show a markedly decreased myoglobin content following 
prolonged exposure. 

Exposure to anoxia was made in a manner that called forth no increased activity 
from the gastrocncmiu.s and .soleus mustdes of the rats at altitude. In fact, the pos- 
sibility is present that activity of those muscles may have liccn somewhat inhibited 
by chronic intermittent anoxemia. It has even been reported that skeletal muscles 
under anoxic conditions have a greatly lowered capacity for cncrg>' production; in 
other words, they arc capable of much less work at altiliuie than at sea level (rsa). 

Cardiac activity, on the other hand, is greatly augmented by exposure to anoxia; 
at first by a jdiysiologic demand for an increased heart rate and cardiac output and, 
subsequently, by llie added burden of an increased blood viscosity which is only 
partiallj’ comjicnsated for hy changes in tfic vascular sy.stcm. 'J'iic high red cell 
volume and hemoglobin content of the typical example in table i illustrate this 
hemodynamic burden imposed on the lieart by prolonged altitude exposure. The 
cardiac hypcrtropliy obscn'cd In all exposed animals demonstrates a phase of tlie 
adaptation rcsi)onsc to the increased activity imposed by these factors on the heart. 
Since myoglobin content of striated muscle increases with muscular activity (14a, 15), 
contrasting variations of myoglobin content in skeletal and cardiac muscle following 
altitude exposure, as well as the findings noted in i, a, and 3 above, suggest: c) that 
changes of myoglobin concentration in a sj>ccific muscle arising after exposure of an 
animal to anoxia depend on the change in activity of that muscle due to the effect 
of the anoxic environment on tlic animal; and b) that myoglobin concentration is 
not altered by the mechanism causing hemoglobin variations, nor do obsen'ed 
changes in myoglobin concentration appear to be direct anoxic adaptation responses. 

An investigation by \\niipplc (14b) demonstrated that there is no direct paral- 
lelism between the hemoglobin and myoglobin concentration in dogs following severe 
anemias experimentally induced and prolonged by repeated bleedings. The present 
investigation indicates that the lack of parallelism between changes in concentrations 
of hemoglobin and myoglobin extends also into the range of polycythemia due to 
altitude exposure. 

Hurtado and his associates, on the other hand, report that parallelism does 
exist between the myoglobin level and the hemoglobin level in polycythemia of 
altitude obserx’^ed in dogs. They suggest that a myoglobin increase in such cases 
represents an important mechanism of adaptation to chronic anoxemia at the tissue 
level (8). 

Their observations, made on dogs native to altitudes of 12,300 and i 4>890 
cannot be compared directly with those [herein reported, because of the obvious dif- 
ferences in the method of exposure to altitude, the altitudes at which exposure was 
made, the difference in species of animal used etc. Dill has occasion to mention the 
adaptability and phenomenal capacity for activity of dogs at high altitude (lyh)* 
The differences in our findings tlius may be due in part to the different capacities 
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for activity at altitude of the animals employed. Nevertheless, the interpretation 
of Hurtado el al. that an increased concentration of myoglobin in dogs at altitude 
may represent a mechanism of adaptation to a condition of chronic anoxia, is one 
that cannot be reconciled with the findings here reported. 

SUMMARY 

A study was made to determine whether or not myoglobin plays a part in the 
adaptation response of an organism to chronic anoxemia. Quantitative estimations 
of the myoglobin in specific muscles were made on a series of albino rats exposed 
regularly but intermittently to a simulated altitude of 25,000 feet, for 12 to 312 days. 
The method of analysis employed is one which permits quantitative determinations 
of myoglobin to be made on extracts of unperfused muscle containing hemoglobin. 

The data obtained indicates no direct relation between changes in myoglobin 
concentration and adaptation to a condition of altitude hypoxia. Skeletal muscle, 
in which activity is not enlianced by anoxia, eventually showed a decreased myo- 
globin content following prolonged altitude exposure; whereas cardiac muscle, in 
which activity is enhanced by anoxia, apparently showed an increased myoglobin 
content. These changes tend to indicate that the m3’’oglobin content of a muscle 
is determined by muscular activity rather than by anoxia, even in an anoxic environ- 
ment. 

The author gratefully acknowledges tlie assistance of Dr. P. D. Altland, who arranged for 
altitude exposure of the rats in his low pressure chamber. 
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EFFICIENCY OF VARIOUS TYPES OF ARTIFICIAL 
RESPIRATION AT HIGH ALTITUDES' 

r. K. IlLOOD AN-n r. E. D’ASIOUR 

rrom the Biolepc Hescarrk iMharaiorits, Uni'ersity of Denver 

iifiNniiR, cotonAvn 

I N SPITE of the importance of t!ic correct technic for the administration of 
resuscitation, few experiments have liecn reported wliich evaluate the efficiency 
of the various methods for artificial respiration at normal atmospheric pressures; 
no studies have been reported at high altitudes. 

Tlie stmlics rejxirletl hnve liccn a cornpnri'on of only two or thrtc technics and many of thcjc 
lave iK'en carried out on human subjects v.ho had voluntarily suspended respiration. It has been 
shown by Cordicr (i) ihat this is proliably an unsatisfactors’ csiierimcntni .stale since, when the 
Schafer method was used on subjects voiunt.irily suspendinj; rcsjnration, the pulmonarv* \tinti!ation 
was 5(kj to looo cc. per cycle while nonrigid cadavers showed an cxch.angc of 3o to 50 cc. i>er O'cle. 
Comroc and Dripps (3) reported results using the Schafer and Eve methods on two patients with 
respiratory arrc.sl c.aused by physical dis.abtUiy which showed that the Schafer method gists less 
pulmonary ventilation than the F.vc method; howtver, they do not feel the Eve method presents 
the best possible technic for artificial respiration. Stcinlierg and Dietz {3I compared the efficiency 
of manual and mechanical methods of resuscitation on dogs after rc.spirator}' arrest produced by 
anoxia and concluded that the pulmotor type of artificial respiration was superior. In a survty of 
various life-saving organizations giving resuscitation to human licings, Ross (4) showed that the 
mechanical rcsuscitators were used more th.an manual methods without cadence of injury to the 
patients. Recently Swann W al. (5) reported results on resuscitation in which they studied the 
terminal physiological events following \*nrious types of fatal accidents in an attempt to better 
analyze resuscitation jiroccdurcs. They concluded th.at the systolic arterial pressure ga^n a good 
index of the imminence of death and using this found that insuffialion of the lungs gaNv: a slight 
margin of superiority over manual methods for arlifid.al respiration. 

In a previous study (6) we investigated a number of respiratory and circulator}’ 
functions in the rat at low barometric pressure and were impressed with the apparent 
differences in respiratoiy control and performance. This suggested the desirability 
of an investigation of tlie various methods of artificial respiration using the rat as the 
experimental animal. Five types of artificial respiration were evaluated first at 
Denver’s altitude (bar. press. 630 mm.) and then at altitudes approximating 40,000 
feet (bar. press. 140 mm.). The tj^ies studied were: Eve tilt board; Schafer prone 
pressure; Pulmotor or ‘suck and blow’ type; Drinker respirator; and Thunberg 
barospirator. iMso, the effectiveness of diffusion respiration and of a number of 
respiratory stimulants was studied at normal atmospheric pressure. Pulmonarj' 
ventilation, the resumption of respiration and restoration and maintenance of circu- 
lation were used to evaluate the effectiveness of these types of artificial respiration. 

Received for publication July 20, 1948. , 

* This investigation was supported by a grant from the Physiology Branch, Medical Saences 
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EXPERIMENTAL 

Adult white rats of the University of Denver strain weighing 250 to 350 grams 
were used and thus they had whatever advantage may be derived from being raised at 
an altitude of 5280 feet. Sodium pentobarbital in a dose of 50 mg/kg. was used as 
an anesthetic. Continuous blood pressure records were made on all animals by the 
method described in an earlier paper (6). In all animals the trachea and carotid 
artery were cannulated for administration of artificial respiration and to determine 
blood pressure. Respiratory stimulants were administered by cannulation of the 
jugular vein. At Denver’s elevation cessation of respiration was brought about by 
curarization or by allowing the animal to breathe pure nitrogen. At high altitudes 
apnea occurred due to the low oxygen tension in the air the animal was breathing. 
Simulated high altitudes were produced by reducing the pressure in a decompression 
chamber at a rate equivalent to 2000 feet per minute. The circulation of air through 
the chamber was 4 liters of room air per minute at 40,000 feet. Artificial respiration 
was not given until an apnea occurred accompanied by a fall in blood pressme to 
about 50 mm. which was considerably below the ‘point of failure’ in the dog of 75 mm. 
reported by Swann. Artificial respiration was given at a constant rate of 35 cycles 
per minute for at least 5 minutes in all methods. 

Eve Tilt Board, Denver Altitude. The animal was fastened to a metal tray 
which could be rocked through an angle of 35° at a constant rate of 35 cycles per 
minute. The trachea of the animal was cannulated to insure free passage of air to 
the lungs and to make it possible to measure pulmonary ventilation. A total of 10 
animals was used; in 4, respiratory arrest was produced by intravenous injection of 
Intocostrin (2 mg/kg.) and in 6, apnea was brought about by allowing the animals to 
breathe pure nitrogen. When a rat breathed pure nitrogen apnea occurred within a 
minute accompanied by a precipitous fall in blood pressure. After one to two 
minutes of apnea a slow powerful heart was noted which resulted in a return of the 
blood pressure to normal or above and a spontaneous recovery of respiration. If the 
animal was allowed to breathe air at this time there was full recovery; however, if 
nitrogen administration was continued a second apnea, accompanied by a fall in 
blood pressure, occurred in 6 to 8 minutes. This period varied from 2 to 20 minutes. 
If no artificial respiration was given at this point, the animal did not recover. This 
second apnea was used in all experiments where respiratory arrest was induced by 
nitrogen inhalation. None of the 10 animals studied could be resuscitated by the 
Eve tilt board method. During the administration of the artificial respiration, 
sensitive one-way valves were attached to the tracheal cannula but no pulmonary 
ventilation could be demonstrated. Neither respiratory movements nor maintenance 
of blood pressure could be observed in any of these animals. 

Schafer Prone Pressure Method, Denver Altitude. The apparatus used to give 
artificial respiration to the rat by this method consisted of a board upon which the 
rat was placed stomach down and a soft rubber tube about one inch in diameter 
supported on the outside by a metal band which was fastened over the back of the rat. 
The tube was alternately inflated under a pressure of 100 mm. Hg and then deflated 
to room pressure. This apphed pressure periodically to the lower portion of the rat’s 
back and sides in a manner simulating the Schafer method on human beings. Ten 
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animals wcrtt sltulied; in 5, respiratory paralysis v/as produced v.'ilh Intocostrin and 
in tlie others niln)-:en was administered until the second apnea developed. None of 


the nils simwed a circulatory response nor was it ]K>ssihie to clomonstrate any pulmo- 
nary ventilation during the administration of artificial respiration. 

Pitlmolor, Dnncr AUiltule. ’ilie pressure.^ used for artificial respiration iiy this 
method were 15 to so mm, positive pressure and o to 10 mm, negative pressure, 
'i'hi.s proiluced a pulmonary ventilation of 175 to C25 cc. per minute. 'I'hree rats 


were given Intocostriti intravenously and p were forced to breathe fiure nitrogen. 
'J'wo of the curarized rats maintaincti adequate rIrcu!ator>- function during the period 
of respiratory paralysis (about 20 mimiics) and when artificial respiration was 
stopfieil, they resumed normal rc'spiration. Of the g rats receiving nitrogen inhala- 
tion, 6 showed full recovery of respiratory and circulatory function anti one showed a 
circulatory response Init no respiratori' respon.se. 

Drinker Resf>ir<ifor, Denver .UiUndr. 'Die respiratory chamber con.sistcd of a 
liter jar fitted with an air-tight lid. 'I’hc rat was placed on a tray fastened to the lid 
and the tmehea attached to a tube scaled in the lid .so that the lungs were open to the 
atmosphere outside the chamber. Alternately, positive and negative pressures of 
20 to 25 mm. Ilg were introduced into the chamber. Respiratoiy paralysis was in- 
duced in 5 rats with Intocostrin and apnea produced in 7 animals by nitrogen inhala- 
tion. All 5 of the animals receiving Intocostrin maintained a satisf.icioi^'' blood 
pressure during the period of artificial respiration (20 minutes), but only 4 showed a 
respirator)' response. Four of the rats on nitrogen recovered both respirator)' and 
circulator)' functions, the other 5 showed neither response. The pulmonar)* ventila- 
tion produced by this method was from 75 to 125 cc. per minute, 

Thunherg Barospiralor, Denver AUUiulc. The barospirator is an apparatus for 
giving artificial respiration iiy means of variations in the pressure in a closed chamber 
containing the animal. Primarily the animal derives the jiulmonar)’ ventilation by 
the compression and cxp.ansion of the air normally remaining in the lungs; however, 
due to the resistance of the trachea and bronchi some movement of the chest also 
occurs. The rat was placed in a closed jar and air under a pressure of 250 mm. Hg 
was forced in and allowed to escape at the rate of 35 times per minute. Tlie appli- 
oition of this pressure gave a rather unique blood pressure recording since the tam- 
bour remained at normal pressure while the recorded blood pressure of necessity rose 
and fell with the change of pressure in the jar. Respirator)' paralysis was produced 
in 4 rats with Intocostrin; 2 of the animals recovered both circulatory' and respirator)' 
functions in about 30 minutes and tire third animal maintained an adequate blood 
pressure for one hour and fifty minutes, but respiration could not be restored. Ces- 
sation of respiration w'as produced with nitrogen in 8 animals and of tliese, 4 were 
completely resuscitated with the barospirator. 

Dijfnsion Respiration. It has been known for many years tliat life can be main- 
tained in apneic animals for a long period of time without e.vternal respiration if a 
stream of oxygen is directed down the trachea (7). One problem that arises in this 
type of respiration is the eflfective removal of carbon dioxide since carbon dioxide 
has a greater molecular weight than o.xy'gen and tlius diffuses more slowl)'. Helium, 
because of its low molecular weight and high dififusabilit)', has been used clinically 
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for a number of years in the treatment of respiratory diseases such as asthma. In 
view of this it was thought that helium might facilitate the removal of carbon dioxide 
if a helium-o.xygen mixture were used in diffusion respiration. Rats were allowed to 
breathe the diffusion mixture for S to 6 minutes in order to displace the air from the 
lungs, then respiration was stopped by intravenous injection of Intocostrin and dif- 
fusion respiration started. The length of time the animal was able to maintain its 
blood pressure was used to evaluate the method. Seven animals were diffused with 
loo per cent oxygen with an average survival time of 26 minutes; 5 animals diffused 


Table i 


1 

DRUG 

DOSE 

NtJlIBER OF 
ANIMALS USED 

RESPONSE, NO. 
OP ANJOIALS 

PER CENT 
RECOVERY 

Caffeine 

mg./kgm. 

100 

14 

I 

7 

Coramine 

7 S-I 2 S 

6 

6 

100 

Strychnine 

I 

7 

S 

71 

Picrotoxin 

I 

! 9 

4 

45 

Metrazol 

10 

6 

3 

SO 

Potassium cyanide 

o.i cc. of .05% soln. 

8 

4 

SO 


with a 20-80 helium-oxygen mixture showed an 
average survival time of 14 minutes, and 5 ani- 
mals diffused with a 50-50 helium-oxygen mix- 
ture showed an average survival time of 15 
minutes. No beneficial effect could be dem- 
onstrated by the addition of helium to the dif- 
fusion mixture, but rather there was a tend- 
ency to decrease the effectiveness of the method 
probably due to a decrease in the oxygen ten- 
sion in the lungs because of the dilution with 
helium. It is interesting to note that a rat 
breathing only air before curarization can main- 
tain a satisfactory blood pressure for 4 to 5 min- 
utes without any form of artificial respiration. 

Respiratory Stimulants. Six drugs were administered intravenously to deter- 
mine their effectiveness in restoring breathing following respiratory arrest produced 
by nitrogen inhalation. The results are given in table i. 

The one animal that showed a response with caffeine responded on four successive 
trials showing complete respiratory recovery after each trial. The effectiveness of 
Coramine is interesting in view of the work reported by Flickinger and Adler (8) in 
which they concluded that Coramine was not effective in dogs and in fact when 
given in the above dose may have contributed to the death of some of the animals. 
Strychnine, though nearly as effective as Coramine, had to be given in a dose close to 
the convulsive level which resulted in the production of convulsions in most of the 
animals at about the same time that respiration was resumed. 


Air 

Colsi- 
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Eve Till BoariJ, High AUHntie.. Thk method vats easily adapted /or giving arti- 
ficial respiration at Ifigli altitude as is shown in figure r. The pressure in the chamber 
was reduced until there was a cessation of respiration accompanied by a fall in blood 
pressure. 'J'hi.s occurred at an clevaticui of about 40,000 feet. Artificial respiration 
^Yas tiien given for 5 to 10 minutes l.)y the ivimc procedure as at low altitude. Nine 
rats were used but none of tluisc showed any resjnratory or circulatory response. 

Schafer Pmic Pressure Mdliatf, High AUitude, 'riie apparatus used for simu- 
lating high altitude and giving artificial respiration In* this method is illustrated in 
figure 2. The pressure lank wa.s maintained at about normal atmospheric pressure 
and when it was necessary to give artificial respiration, stopcock 2 was closed and 


LdJsAc, 



stopcock I opened until a pressure of 75 to go mm. was obtained as shown on the 
respirator manometer. This resulted in applying the pressure to the Schafer appa- 
ratus in the chamber in the same manner as at low altitudes. Fifteen rats were 
taken to an altitude of about 40,000 feet and maintained until a definite apnea de- 
veloped at which time artificial respiration was applied. Circulatory and respira- 
tory responses were produced in 6 of the 15 animals. 

Ptdmoior, High Allilude. Because of the manipulative difficulties ever present 
at high altitudes, artificial respiration with the pulraotor was accomplished by ap- 
plying pressure but no vacuum; Henderson and Turner (9) have stated that this 
technic represents a very efficient method for resuscitation. The apparatus used is 
diagramed in figure 3. The gas (air or oxygen-carbon dioxide mixture) contained in 
the oxygen spirometer was maintained at normal atmospheric pressure and was in- 
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troduced into the alternator at a pressure of 15 to 20 mm. Hg greater than that in the 
decompression cliamber. This was accomplished, as with the Schafer apparatus, 
by closing stopcock 2 and properly adjusting stopcock i. A pulmonary ventilation 
of 5 to 8 cc. per cycle was produced under these conditions. Two series of experi- 
ments were carried out, one in which artificial respiration was given with air and the 
other in whicli it was given with a 95 per cent oxygen-5 per cent carbon dioxide mix- 
ture. In series one, ii animals were used; 5 of the animals showed botli a circula- 
tory response and respiratoiy response, and one showed only a circulatory response. 
Nineteen animals, were used in the second series; 10 were resuscitated as shown by 
circulatory and respiratoiy recovery and 2 showed only vaso-motor response. In 


Atr 
/n Z&i 



all of the animals that were resuscitated it was observed that the heart and circula- 
tion responded first, in some cases several minutes before respiration was resumed. 

Drinker Respirator, High Altitude. The Drinker respirator as adapted for use at 
high altitude is shown in figure 4. The spirometer was connected to a metal cap 
which fit loosely over the end of the tube from the trachea so that artificial respira- 
tion could be given with gas mixtures of any desired composition. The vacuum 
tank was maintained at a pressure less than the decompression chamber at all times 
during the ascent so that artificial respiration could be given whenever necessary. 
"When artificial respiration was given, stopcock 2 was closed and a negative pressure 
of 55 to 65 mm. Hg developed by the proper adjustment of stopcock i. This pres- 
sure difference between the respiratory and decompression chambers produced a 
pulmonary ventilation of to 5 cc. per cycle, (too to 175 cc/min.). In the first group. 



r, K, mjyor} and e e. d’a.mour 


VeUintt i^G 




resuscitation was attenijucd on 9 rats and none sliowai either respiratory or drcula- 
tor) response. In t!jc second jjroup, 3 rats were stiulicd by the .same procedure 
except an oxygen-rarbon dioxide mixture was^iven durinj^ t)ie {>eriod of nrtiftdal respi- 
ratiort, !)nt .again none of these animals v.-as re.njscit.'itcd. It has liecn shown pre- 
viously that one tncthod by which ,'t rat adjusts to .severe anoxia is by decrea,sing his 
body temperature ((1). If the environmental temperature were too hfgh, it would not 
be pos-siblc for the animal to make this adjustment. At the lime these c.xperiments 
were run the Irsboralory temperature was high and tlje chamber containing the ani- 
mals often reached a tenij)erature of 55” C. It was concluded that this might account 
for the difitcuUy encountered in rc.suscitating these atnmais. In the nc.Kt two groups 



of experiments the chamber tcmj^crature was reduced b}’- placing a metal container 
containing icc around the chamber; a temperature of 15 to 20° C. could be maintained 
by this method. Eleven animals were studied at this lower cnxdronmental tempera- 
ture xvlthout extra oxygen administration and 5 regained botli respiratory and cir- 
culatory function. A record of the blood pressure changes during the response is 
shown in figure 5. Of 15 animals tested at the lower temperature and receiving the 
oxygen-carbon dioxide mixture during resuscitation, S showed complete response and 
3 showed only circulatory response. This demonstrates very vividly the importance 
of the environmental temperature as it pertains to anoxia in the rat. 

Barospirator, High AltUude. Artificial respiration at high altitude by this 
method was given with the apparatus illustrated in figure 6. Increased oxygen con- 
centrations could be given during the resuscitation by maintaining a high oxygen 
atniosphere around the end of the tracheal cannula. This was accomplished by 
means of a small cap fastened inside the chamber over the end of the tracheal cannula 
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and attached to a tube from the spirometer. A pressure of loo to 120 mm. was intro- 
duced into the chamber from the pressure tank by the same adjustment of the stop- 
cocks as in the other methods. In aU experiments the respiratory chamber was cooled 
by surrounding it with ice. Sixteen rats were used in the first group of experiments 
in which only air was administered during artificial respiration. Five animals re- 
gained circulatory and respiratory function and 3 showed only a circulatory response. 



Fig. 5. CmcoiATORY RESPONSE DURING lesuscitation with drinker respirator. Apnea began 
at A] artificial respiration administered at respiration resumed at C. 



In the second group of 12 rats an oxygen-carbon dioxide mixture was introduced and 
6 of these animals completely recovered while 3 showed only a circulatory response. 
Figure 7 shows a typical blood pressure record during resuscitation. A study of the 
blood pressure records made on these animals indicated that the barospirator pro- 
duced a more rapid increase in the blood pressure than the other methods. With 
many animals, a circulatory response could be brought about on several successive 
trials wliich further demonstrated the beneficial effect on the circulation of this t)^e 
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of arlificml respiration. In nil animals responding by tbt.s technic, the circulatoo' 
response preceded the respiratory response. 

Rfspirainry Simulauls, High AlUludc. Due to the manipulative difficulties 
associated with testing respiratory stimulants at high altitude, the only drug studied 
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Fig. 7, Cn!crTi.ATORY r.KsroKsr. dueino rcjufCttnlion ’.vith lhro?pirator. Apnea began at A', 
artificial respiration .administered at A; respiration resumed at C. 


TAm.r. 3 


Tvrr. or MstiriaAt 

Rr.SMRATlOK 

ALTra'tir 

' 

. 

?.*o. or 

AStVAlS 

t 

I CTia-z-sratv 
i trsvo':^,: 

No. I r. 

! ourt-t-rr 
j trw.ttY 

i Ko. 1 7 .- 

f i 

f ' " 

i co'.^mo;<s 

\ 

Eve till ho.ird 

Dcnsxr 

10 

0 

■w 

B 

1 0 



IliRh 

9 

0 

■ 

B 

i 0 

j 

Air 

Schafer prone press. 

Denver 

10 

0 

■ 

B 

f 

f 

0 



High 


6 

40 

B 

40 

Air 
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12 

9 

75 
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B 
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5 

45 
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45 

Air, Rcfrig. 


High 

IS 

II 

73 

8 

S 3 

OrCO:, Rcfrig. 

Barospirator 

Denver 

12 
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was the one that gave the best results at low altitude, namely Coramine. Seven 
animals were given Coramine intravenously when apnea due to anoxia developed 
but only 2 showed a respiratory response. 


SXJMMARY 

The comparative results obtained with the various technics for artificial respi- 
ration are summarized in table 2. 
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At both high and low altitudes the mechanical methods for artificial respiration 
were superior to manual methods in the resuscitation of the rat. This is in line with 
the studies of Steinberg and Dietz and those of Swann on dogs. 

The Schafer method was more effective at high altitudes than the Eve method. 
Cordier and Comroe and Dripps found the opposite of this in their studies on humans. 
Further, the Schafer method was 40 per cent efficient at high altitudes but none of the 
animals studied could be resuscitated at low altitudes. This suggests a greater re- 
coil of the thorax and diaphragm at high altitudes than low which proves effective in 
the Scliafer method but apparently offers no help with the Eve method. 

The administration of oxygen while giving artificial respiration at high altitudes 
proves especially beneficial to the circulation. This was particularly true with the 
barospirator which was the most effective method studied for restoration of the cir- 
culation. Since the circulatory response always occurred first, this undoubtedly was 
important in bringing about the resumption of respiration. 

A low environmental temperature facilitates resuscitation at high altitudes. 
It is evident from the results with the Drinker respirator that temperature had a 
greater effect than the administration of oxygen-carbon dioxide mixtures. None of 
the animals recovered with oxygen at the higher temperatures (34°-35° C.) but 45 
per cent of the animals studied at low temperatures (i5°-2o° C.) showed complete 
recovery using only air. 

Coramine proved effective in stimulating respiration at low altitudes but not at 
high. Other stimulants studied at low altitudes were caffeine, strychnine, picro- 
toxin, metrazol and potassium cyanide. Of these only strychnine approached cora- 
mine in effectiveness. 

Rats were maintained for about 25 minutes by diffusion respiration using pure 
oxygen as tire diffusion gas. Helium-oxygen mixtures offered no advantage over 
pure oxygen but in fact decreased the survival time of the animals. 
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RELAllONSMIP IJETWEICK HYPOXIA, OXYGEN 
COKSUMmON AND BOD^' 'rEAiPERATURE* 

F. 11. Bl.oon, R. M. (iLOVFU, J. IJ. HlCN'DFRSON', ANti F. K. D'AMOUR 
From the IHohrJc Rescorch Lnhorotorirs, VtthenHx of Denver 


T)f:N'Vi;R, COU)RAt>0 

P IU’A JObS Nvorl: has ap[)arcntly estahlishcd t!jc fact that in the hj'jwxia of 
high altitufles oxygon consumption is reduced and body temperature fails, 
'Fhe environmeiUtd temperature is, hov.-ever, a factor; at 37°C. there 
is Tto fall in body temperature nor in oxygen consumption but fewer animrds surx’ive 
a given tiegree of hyjmxia At least Uvo questions of relationship arc raised by 
these findings: i) 'I'o what extent is oxygen consumption limited by oxygen availa- 
bility? 2) Is (he fall in body temperalure the result of reduced oxygen consumption? 

In the hope of obtaining information pertinent to these questions we have de- 
termined the oxygen consumption and body temperature of rats at five simulated 
altitude levels, S2<%, 15,000, 25,000, 32,500 and go.ooo feet. 'Hie body temperature 
factor was varied by u.sing tbreo environmental temperature ranges, iS to 20°, 
26 to 2S'’ and 35 to and the metabolic factor by using normal, thyroxin- 

injected and thiouracil-lrcaled rats; 


Young, adult, female ral.s, weighing between 175 and 250 grams, of the Univer- 
sity of Denver strain were used. They are therefore rats acclimatized to an altitude 
of 5280 feet. Tliiouracil treatment consisted in feeding meal into which 50 mg. of 
the drug per 100 gm. of meal had been thoroughly incorporated and in providing a 
saturated solution for drinking water. No determinations of food and water con- 
sumption were made, hence the dosage cannot be given, however, during the 3- to 5- 
week-period during which the rats were on this diet an increase in thyroid weight of 
approximately 300 per cent was achieved. Thyroxin administration consisted of the 
injection of i mg/kg. of Squibb’s ‘Thyroxin Fraction’ ever}’’ other day for a similar 
period of time. The rats used at the low and high environmental temperatures are 
the same rats, being run first at the low temperature; those at the moderate tempera- 
ture are a different series. This w'as a compromise between using tlie same rats 
throughout, whidi would have been desirable, as against the fact that they would 
then have been under the influence of the drug for considerably different periods of 
time. 

Oxygen consumption was determined in a closed system apparatus as shown m 
figure I, and the body temperature by means of a copper-constantan thermocouple, 
inserted to a depth of 4 cm. into the colon. In making a test the rat was lightly 

Received for publication July 20, 1948. 
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anesthetized with 25 mg/hg. of sodium pentobarbital to eliminate struggling caused 
by the presence of the thermocouple, and placed in the chamber for 20 minutes before 
the first determination was made. During this time air was slowly drawn through 
the chamber by means of the vacuum pmnp. The chamber was then sealed by 
closing the screw clamps leading to the air inlet and the vacmun pump, A wick 
soaked in 5 per cent sodium hydroxide surrounded the rat and absorbed the carbon 
dioxide produced, the resulting fall in pressure being indicated by the water-filled 
‘chamber manometer’. Oxygen was admitted from the measuring spirometer prac- 
tically as rapidly as it was consumed; there was therefore no significant change in 
tlie oxygen pressure within the chamber. The oxygen consumption was determined 
over a lo-minute period, whereupon the pressure was reduced by means of the vacuum 
pump, air being bled through the chamber at the same time. The rate of ascent was 



uniformly 2000 feet per minute. When the desired elevation was reached the 
chamber was again sealed off and the test repeated as described. Each test was for 
a lo-minute period with the water manometer kept at practically a constant level 
by frequent admission of oxygen. Body temperature readings were taken at the 
end of each lo-minute run. 

The results obtained are shown in the following tables and graph. It should 
be noted that in the high temperature group the elevation at which the record stops 
is the one reached by all members of the group. At least 70 per cent died either 
during the ascent to, or shortly after reaching, the next elevation. Each of the nine 
experimental groups consisted of ten animals. 

DISCUSSION 

We believe the data obtained are primarily of interest as showing how oxygen 
consumption and body temperature vary under the conditions of the experiment. 
Any conclusions as to relationships must be highly tentative as many uncontrolled 
factors are operative. Reduced oxygen availability resulting from a lowered baro- 
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metric pressure may be compensated for by increased respiration, increased utiliza- 
tion, etc.; heat production may not depend solely on oxygen consumption, since 
anaerobic, exothermic reactions may contribute, and whether variations in heat pro- 
duction will affect body temperature will depend on the rate of heat loss. 

Limiting the discussion to the data at hand and considering first the question of 
the relationship between o.xygen availabilit}’’ and oxygen consumption, we believe 
that availability does not, in normal rats, become the limiting factor in consumption 
until altitudes approaching 40,000 feet are reached, but may become a limiting factor 



at higher levels of availability in rats whose metabolism has been stimulated by 
cold or by thyroxin. This is indicated by the fact that the oxygen consumption of 
normal rats at moderate temperatures falls only slightly until an altitude of 32,500 
feet is reached, the fall is steeper and begins at lower altitudes for the groups whose 
metabolism has been stimulated by cold or by thyroxin, and is steepest of all in the 
group whose oxygen consumption was highest, namely the thyroxin-treated, cold- 
environment group. 

Although the close parallelism of the oxygen-consumption and body-temperature 
curves strongly suggests a cause-and-effect relationship, certain comparisons may be 
made which indicate that the two factors may vary independently, i) In the low 
environmental temperature groups all oxygen consumptions at 40,000 feet are higher 
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than at moderate tempemturcj^, the borly tempeniturcs, hov.-cver, fall to msjch lower 
levels, 2) The oxypieij consumption of the thyroxin-injected group at low environ- 
mental temperature is maintained well above the normal; the body temperature, 
however, falls just as precipitately. 3) 'j’he oxygen consumption of the ihiouradl- 
treated group at moderate environmental tcmiicrnturc Ls practically constant; the 
body tentj)cralurc, however, falls, 4) Tlic oxygen consumption of the normal group, 
at liigh environmental tcmperalnre, remains jiractjcally constant (until death at 
32,500 feet); the body temperature, itowever, rises. 

Certain additional findings may be noted. 1} 7 'inouracil, in a dosage suihcicnl 
to enlarge the thyroid three-fold and to produce a reduction of 27 per cent in the ox- 
ygen consumiJtion at moderate tcmpeniturcs, docs not de{)rcs.s the oxygen consump 
lion significantly in the face of the stimulus of environmental cold, whereas the in- 
creases due to thyroxin and to cold arc adfiitive. 2) 'rhiouracil, although apparently 
preventing ns great a rise in body tempcrattire at high environmental temperature 
as occurred in the normal group, was not protective; all rats in both groups died at 
about the .‘^nme time in going bc^'ond 32,500 feel. Tliyroxin, on the other hand, was 
detrimental, 7 of 10 rats dying between 15,000 and 25,000 feet. 3) It is difiicult to 
c-xj^lnin the deaths of the normal and tbiouracil-trcatcd groups at lugh environmental 
temperature. 'J'hc thyroxin group may well have died because of inability to supply 
their greatly increased oxygen demands, but the normal and iln'ouracil groups con- 
sumed, at 32,500 feet respectively, 24.8 and iS.S mg/kg/min,, not greatly different 
than the 21.8 mg. which the thyroxin-treated group was able to supply at 40,000 feet 
at low environmental tempcniturc. The explanation may lie in the alveolar x-apor 
pressure factor. Tlicrc would be a difference in vapor pressure of 22 mm. (av. 
body temperature at low environmental tcmpeniturc is 29°, v.p. 30 mm.; at high en- 
vironmental temperature the av. body temperature is 30°, v.p. 52 inra.), which at 
40,000 feet would give the low environmental temperature group approximately a 
20 per cent greater alveolar o.xygcn pressure. 

SUXDURY 

The oxygen consumption and body temperature of normal, thyroxin and thiour- 
acil-trealed rats were determined at three environmental temperatures and five 
altitude levels between 52S0 and 40,000 feet. The data obtained indicate: i) 
Oxj'gen availability becomes a limiting factor in o.xygcn consumption only at altitudes 
approaching 40,000 feet in normal rats, but at mucli lower altitudes in animals whose 
metabolism has been stimulated by cold or b}’’ tliyroxin. 2) Although a reduced 
consumption of oxygen is in general accompanied by a fall in body temperature, in- 
stances occurred where the two factors apparently varied independently of each 
other. 
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FURTHER OBSERVATIONS ON THE DEPRESSION OF 
RENAL FUNCTION FOLLOWING HYPOPm^SECTOMYi 

H. L. milTE, PETER HEIXBECKER and DORIS ROLF 

From the Departments of Physiology and of Surgery, 

Washington University School of Medicine 

ST LOUJS, MISSOUKI 

I T HAS been shown (i) that the considerable falls in sodium para-aminohippurate 
(PAH) and inulin clearances and in PAH Tm resulting from hypophysectomy 
in dogs are not due primarily to the resultant depression of thyroid or of gonad 
function, since the falls are much greater than those caused by thyroidectomy or cas- 
tration, the latter procedure being in fact without effect. The possibilities remained 
that the falls were due either a) to depression of adrenal cortical function through loss 
of adrenocorticotrophic hormone (ACTH) or b) to the loss of some other anterior lobe 
principle not thyrotrophic or gonadotrophic. Two types of approach to a decision 
between these alternative possibilities are available. 

The more direct is to establish an adrenal cortical replacement therapy adequate 
to maintain normal renal function in the adrenalectomized dog and to see whether 
such adrenal replacement therapy protects the hypophysectomized dog’s renal func- 
tion. If it does, it may be concluded that the falls in renal function following hy- 
pophysectoray are due primarily to the resultant depression of adrenal cortical func- 
tion. If it does not, it may be concluded that the falls in renal function following 
h5'poph)’'sectomy are not due to the resultant depression of adrenal cortical function, 
but to the loss of some further anterior lobe influence not thyrotrophic, gonadotrophic 
or adrenotrophic. If it is found that adrenal replacement tiierapy preserves the renal 
functions of the hypophysectomized dog, it should be shown that such therapy does 
not greatly raise tlie functions in the normal dog, i.e. that increases seen in the hy- 
pophysectomized dog are not due to overdosage. 

The second approach is to produce the falls in renal function by hypophysectomy 
and to see whether the functions under observation can be restored to normal by 
treatment with ‘pure’ ACTH. If it is found that such treatment does restore the 
lowered renal functions of the h}q)ophysectomized dog, such finding may be explained 
either on the basis that a) the restoration of adrenal cortical function brought the 
renal function back to normal, i.e. the fall in renal function after hypophysectomy was 
due primarily to the depression of adrenal cortical function through loss of ACTH; 
or b) the ACTH preparation employed contained the further anterior lobe principle 
referred to above and tentatively designated in our earlier report (i) as ‘renotrophic’ 
hormone. To distinguish between these two possibilities, the adrenalectomized dog 
whose renal function is maintained by adrenal replacement therapy may be given 

Received for publication October i8, 1948. 

' This work was aided by a grant from the Commonwealth Fund. 

67 



H. L , wiirn:, r. hmin'iu-ckkk, and d, rolf 




6S 

AC’ril. If tiic renal functions under observation are raised bv such ACT'H treat- 
ment, this may be interpreted, provided the ACTil preparation is essentially free 
from thyrotrojihic princi]>!e, as evidence in favor of i)ossibiiity if they are not raised 
the evidence is in favor of jxjssibilily o. 

If treatment with ACTH docs not restore the observed renal functions of the 
hypophysectomiaed dog, it may be concludcri that th.e falls in function resulting from 
hypophyseciomy were not due to the loss of AC'f'ff, but to the Joss of some further 
anterior lobe influence and that the ACTH preparation employed does not exert such 
an influence. The i>resent pa{)cr rei)orts on experiments designed to answer the 
above questions and presents cviflcnce that the falls in renal function obseiwed after 
hypo])hyscctomy are not due to ficjjrcssion of adrenal cortical function but to Joss of 
an anterior lobe principle, not thyrotroj)hic, gonadotrophic or ndrenotrophic, which 
directly influences the functional state of the kidney, or of the entire organism, in such 
a way as to result in increased renal activity. 

METHODS 

Trained (cniaie dogs in ihe jwtahforpUvc st.ntc were used; the (iict was dor; chow cdUbUura 
Eupj)kmcnicd wiili meal ewra- other fiay. Two or more coni rol clearance and Tm expcrimcnis were 
run on each animal to cstablifh normal baselines. Two dogs {K^o .and K^t) were adrenalectomizctl, 
Ute left adrenal being removed at one ofvrrat/on and the right one week hfer; three pelicts (75 mg. 
each) of dc.soxycorticostoronc acetate (DC.AF were imjtkantcd subcutanroitsly at the fir?* .adrenalec- 
tomy. Three dogs (/O7, Kyj and K4:) undcnveni simple hypophyseciomy. A'.v received four 
pellets .and A'jp three pellets of DC;\ prior to hypophy.'cctomy; A'.;.- received three {K*l!ets on the 41st 
d.ay after hypophysectomy. All dogs also received additional adrenal cortic.al therapy by daily in- 
jection of whole cortical extract for a few days postojKrratively. 

Good urine flows for the cxjxiriments were induced by giving 3.5 per cent kady weight of water 
about 25 minutes before the beginning of the first urine collection. A blank blood w.a5 drawn .and 
immediately followed by .a priming intravenous injection of 0.025 cc. of 20 per cent P.\H/kg. and 0.05 
gm. inulin/kg, in 5 cc. of 0.5 per cent NaCP. Tiiis w.as followed Iw .a subcutaneous sustaining injec- 
tion of o.i I cc. 20 per cent I’.AH/kg., 0.20 gm. inulin/kg. and 400 ;/g. hynluronidasc' (2), all diluted so 
that the inulin was prc,«ent as a 10 per cent solution. The injection w.as made through a single skin 
puncture in the shoulder area, the ilirection of the needle being changed four to five times. The first 
clearance period bcg.an about 25 minutes after the end of the subcuKancous injection. These amounts 
of r.-\H and inulin produced plasma levels of i to 2.5 mg. per cent and about 20 mg. per cent, respec- 
tively. The plasma levels of PAH .and inulin do not remain absolutely constant following this pro- 
cedure, but the changes after the first 25 minutes arc usually small and plotting the successive plasma 
levels against lime permits an accurate estimation of mean levels for the various {jeriods. Two 15- 
to 20-minute urine collections were made, the bladder being washed twice with 20 cc. normal saline 
at the end of each collection. Blood samples were drawn at the beginning and end of each clearance 
period. Immediately following the drawing of the last blood E.amp!e at the end of the second urine 
period, high plasma levels of about 20 mg. per cent PAH were attained by giving a priming intrave- 
nous injection of 0.25 cc. 20 per cent PAH/kg. diluted 1 to 4 with 0.5 per cent saline and a sustaining 
subcutaneous injection of 1.3 cc. 20 per cent PAH diluted i to 3 with water and including 400 j;g- 
hyaluronidase. The urine collections again began about 25 minutes after the end of the subcutaneous 
injection. 

Hypophysectomized dogs, with lowered renal function, were given the same intra%'cnous pnro- 

- The DCA was generously supplied by the Schering Corporation. 

^ The PAH was generously supplied by Sharp & Dohme, 

■* The hyaluronidase was generouslj' supplied by the Schering Corporation. IVe are not yet 
able to state positively whether hyaluronidase significantly speeds the absorption of PAH and inulin. 
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ing injection for the clearance periods, but the subcutaneous injection was reduced to 0.08 cc. 20 per 
cent PAH/kg. and the inulin to 0.12 gm/kg. For the Tni the intravenous injection was 0.2 cc. 20 
per cent PAH/kg. and the subcutaneous 0.5 cc/kg. 

Inulin was determined by a modification of the method of Corcoran and Page (3) and PAH, by 
a slight modification of the method of Smith cl al. (4). Roth plasma PAH and inulin were determined 
on a zinc filtrate (5), requiring a correction for P.AH since only 93.5 per cent appears in the filtrate. 
Recovery of inulin is complete. Attempts were made to recover inulin from a cadmium precipitation 
of plasma but the recoveries were not only incomplete but quite inconstant. We also tried making 
fine adjustments in*the normality of the NaOH (carbonate-free) used in this precipitation but were 
not able to improve either the percentage or the constancy of the inulin recovery. Cadmium filtrates 
yield complete recoveries of PAH. Glucose was determined on all plasma samples according to 
Nelson (21) and correction was made for any errors in apparent plasma inulin values due to fluctua- 
tions in plasma glucose. Plasma sodium was determined according to Butler and Tuthill (18) or by 
flame photometrj’, using a burner and mi.ving chamber designed by Dr. Theodore Weichselbaum of 
the Surgical Metabolism Laboratory of this School or by both methods. Plasma potassium was de- 
termined according to Van Slyke and Riebcn (19) or by flame photometr}' or by both. Plasma NPN 
was determined by a micro Kjeldahl digestion with direct Nesslerization. Urea determinations were 
according to Van Slyke and Kugel (20). 


RESULTS 

Adrenal replacement therapy. Tlie first objective is to establish the adrenocorti- 
cal replacement therapy whicli will support the observed renal functions of the 
adrenalectomized dog at or near the normal levels. We have previously found (i) 
that four 125-mg. DCA pellets subcutaneously implanted afford adequate replace- 
ment. In the present series we gave three 75-mg. pellets to each of 2 adrenalecto- 
mized dogs. For one dog {K40) this appeared to be adequate in spite of a severe 
cellulitis from Feb. 17 to March 7, 1948; the other dog {K41) failed to maintain com- 
pletely normal renal functions, although its weight, appetite, general behavior and 
plasma sodium and potassium remained normal. Three 75-mg. DCA pellets appear 
to be at or just below the borderline required to maintain the clearances and Tm 
normal in the adrenalectomized dog; even with K41 the renal functions were sup- 
ported well above the levels seen after hypophysectomy with or without DCA. The 
results witli the DCA pellets in the adrenalectomized dogs of the present series are 
given in table i ; the effects of ACTH are also given. 

Adrenalectomy. At two and at eight weeks after removal of the second adrenal, 
the renal functions of K40 are essentially normal, with the PAH clearance actually 
higher than any of the pre-operative values. Plasma Na, K and NPN values at two 
weeks were normal; plasma Na remained normal thereafter but plasma NPN rose 

® The ACTH was generously supplied by Armour and Company. Three lots have been ob- 
tained, 32-D, 37-KE and 42-B; the manufacturer’s specifications follow. The adrenotrophic po- 
tency per mg. of 32-D is 71% that of Armour’s unofficial standard La-I-A; its growth hormone, 
gonadotrophin and thyrotrophin contents arc negligible. A single intravenous injection of 0.004 
mg. of Armour’s standard La-I-A produces consistently a 20 to 30% decrease in the adrenal ascorbic 
acid content of the hypophysectomized rat; 0.004 mg. of standard will be designated as i u. Lot 
37-KE has 50% of the adrenotrophic potency of Armour’s standard, 0.5 u. prolactin/mg., 2.0 Collip 
u. of gonadotrophins/mg., and 0.037% Evans chick u. of thyrotrophin/mg. Lot 42-B has 16% of 
the adrenotrophic potency of Armour’s standard, less than i u. prolactin/mg., less than 1.5 Collip r;. 
gonadotrophin/mg. and negligible growth hormone. The posterior pituitary' hormone content in all 
of these batches was negligible for our purposes. The dosages of ACTH given in the tables express 
the number of ACTHu. given 3 times daily, e.g. in table i from 1/5/48 to 1/13/48 dog /C40 was given 
every' 8 hours an amount of lot 37-KE equivalent to 625 u. 
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302 

1 

j XO6 

i 

j ^ 

-^‘ 5 ' 

i 

i 

i 

1/28/48 

2/12/48 

R. adrenalectomy ; 

1 

1 291 

! 

go 

i 

! 

i2,5'Na 146 


Severe ccllulilis 2/17 to 3/7 

1 

i 

iK 4-44 

|NPN 27 

3/22/48 

3/25-3/30 

87s r. ACTH (32-D) 

1 =So 

89 

t4.4'NPN 37 

i 

3/29/48 


361 j 

1 126 

lii.d'NPN 37 

s/ 6-5/13 
5/22/48 

240 u. ACTH (42-IJ) 

200 

[ 

l 

1 S 7 

7.6 N'a 144 




1 

NPN 39 

5/29/48 



i 

Nn 143 

SPS 47 

6/10/48 

Plasma urea clear. 42 cc/mln/M* 

Plasma urea N 27 mg 9 c 



NPN 48 

6/15/4S 




Na 143 

7/ 2/4S 

Plasma urea N 21 mg Dog killed same 

194 

7 t 

10.6 Na 14^ 


date 



K 4-0 

NPN 41 


Dog K41 


10/27/47 

Normal 354 

120 

19-3 




Normal 333 

97 

15.6 



1/ 7/48-1/15/48 62s u. ACTH (37-KE) 





1/14/48 

313 

loS 

36 



1/21/48 

L. adrenalectomy; 3 DCA pellets 





1/28/4S 

R. adrenalectomy 





2/ 5/48 

260 

114 


NPN 

39 

2/ 9/4S 

273 

105 

8.7 

Na 

146 





K 

4 





NPN 

43 

2/24/48 

213 

86 

12.3 

Na 

142 

3/ 4-3/12 

0.2 cc. (160 dog u.) Upjohn’s lipo-adrcnal 



K 

4 


cortex daily 



NPN 

37 

3/11/48 

216 

79 

II. 8 

NPN 

40 

4/ 5/48 

190 

71 

11.7 

NPN 

38 

4/13/48 




Na 

143 

S/ii-5/18 

400 u. ACTH (42-B) 





5/17/48 

209 

75 

10.8 

NPN 

39 

S/29/48 




Na 

140 





NPN 

57 
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Table i . — Continued 


RrUAltKS. 

ACTH PosAGEs, AS roirivALr-vTS or armodr’s stakdard, 
civr.n every 8 hours 

PAH 

CL^AX* 

IKULIN 

CLEAR- 

PAH 

Tir 

riASsiA Na & K 

KPN' 


ANCE 

AHCE 



Dos K41 — Continued 

cclminl 

J/» 

cclminl 

mp 

(Kin/ 

U'- 

mEqlL ms % 

6/ 7/48 

Plasma urea dear. 41 cc/min/M* 

Plasma urea N 25 mg % 


71 


NPN 47 

6/15/48 





Na 143 

7/15/48 





NPN 42 

7/23/48 


192 

67 

9.4, 

Na 143 
NPN 46 

7/28/48 





Na 146 

K 3.1 

8/ 2/4S 





Na 145 
NPN 43 

8/27/48 


1 

1 

j 


Na 143 

K 4.4 

9/13/48 





Na 13s 

K 6.0 

NPN 44 

9/15/48 





Na 146 

K 5.2 

NPN 44 

9/17/48 





Na 144 

K 6.3 

NPN 47 

9/22/48 





Na 145 

K 6.3 

NPN 37 


slowly in spite of a well maintained inulin clearance. TJie renal functions of dog K41 
were less adequately maintained. Inulin clearance and PAH Tm had fallen only 
slightly at 74 days (4/5/48) after the second adrenalectomy but PAH clearance was 
considerably reduced below the control value. This dog, however, had unusuall}'- 
high normal PAH clearance values and even the lowest postadrenalectomy value of 
igo is not greatly below the usual normal limits. The failure of the lipo-adrenal 
cortex (3/11/48) to improve this may mean that more prolonged treatment is neces- 
sary to re-establish a slightly depressed renal function or that administration once 
daily is not frequent enough. The daily dosage should have been more than ade- 
quate, since it was 8 rat units or 160 dog units, where a dog unit is the amount re- 
quired daily per kilo of adrenalectomized dog to maintain normal body weight and 
blood NPN (6). In a third adrenalectomized dog {K31) previously reported (i), 
DCA pellets restored essentially to normal the depressed renal functions seen during 
adrenal insufficiency. Thus in 2 (A’jr and K40) of 3 adrenalectomized dogs, DCA 
pellets maintained renal functions essentially normal while in the third {K41) the pro- 
tection was apparently less complete. The protective action of DCA pellets in 
adrenalectomized dogs is, of course, not permanent but lasts for several months. It 







II. I.. WMITK, J‘. IIKlXnnCKKR, AND D. ROLF 


Volume 1^6 


TAiu.r. 5. 


I-Aiurja; or MAtN'Tj;r;AKCj; or w.NAt, rorrcriosK t:: 


ttyi'ority.-ncioMiZKD dogs 




1 TAfS 

j AN'Cr- 

i v:vttt! 
i rtr.At- 
\ AKcr. 

} 

1 

1 

! *'*■' 

i 

( 

flASUA 

1 UPS 


A J 7 






t C(/r-,tn/\ecft~,inf: nil 

f f-rr ^ 



1 J-" 

j if: 

* ninfM' 


4/28/.^ 

Norm.nl 

1 186 


14.5 

1 

5/ 7/47 

Normal 

192 

1 66 

25.5 

} 

i 

s/12/47 

Normal 

184 

1 70 


f 

s/13/47 

4 DC.A [M-'IlcLs of 75 mg. each 


1 


i 

s/22/47 

Normal ivith DCA pellets 

220 

! 83 

iS.i 

j 

S/ 23 -s/SO 

150 u. prcloban plus 6 mg. DCA in oil dally 


f 

i 


i 

S/29/47 


387 

1 *53 

25-2 

1 

6 / 4/47 

Simple liyjiopliyscclomy 



i 


6/18/47 


257 

66 ; 

1 6.7 


6/19-6/27 

0,2 cc. (160 dog u.) Upjolin’s Jipo-adrcn.nl cortex' 


\ 

i 

[ 


daily 



! 


OliOUy 


ISS 

! 71 

7.1 


Ofsy-lU 

440 u. ACTH (32.D) 


1 

i 



7/ 3/47 


^73 

1 S3 

S -2 


9/15/47 


16S 

i S 3 

7.1 


12/29/47 


190 

6 s 

II. 2 


1/ 2/48 

Autopsy; fragment of anterior lobe tissue (about; 






5%) in sella j 






Dog A'jp 


6 / 2/47 

Normal 3 DCA pellets of 75 mg. each 





6/13/47 

Normal with DC.A pellets 

264 

95 

18.7 


6/16/47 

Normal with DCA {relicts 

263 

96 

22.9 


6/20/47 

Simple hypophysectomy 





7/ 7/47 


158 

63 

6.1 


7/8-7/iS 

0.2 cc. (160 dog u.) Upjolm’s lipo-adrcnal cortex 






daily 





7/14/47 


168 

72 

6.5 


7/15-7/22 

440 u. ACTH (32-D) 





7/21/47 


247 

91 

15-3 


9/10/47 


176 

44: 

8.8 j 


12/26/47 

2 pellet fragments (81 rag.) found & removed 





12/31/47 

i 

iSi 

45 

j 8.6 

1 

1/12/48-1/20/48 625 u. ACTH (37-KE) 





1/19/48 


183 

61 

9.9 


1/20/48 

3 DCA pellets 





2/16/48 


129 

52 

5-6 

37 

3/2-3/10 

0.2 cc. (160 dog u.) Upjohn’s Upoadrenal cortex 






daily 





3/ 9/48 


143 

55 

8.4 

45 

s/s-s/ii 

240 u. ACTH (42-B) 





5/10/48 


I 4 S 

52 

0.9 
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Table 2 . — Continued 



PAH 

CLEAR- 

ANCE 

imrLiN 

CLEAR- 

ANCE 

PAK 

Til 

! 

PLASMA 

KPN 


Dog K42 

cclminl 

cc/mini 

m! 

mmlM^ 

% 

II/IO/47 

Normal 

247 

77 

22 


12/15/47 

Normal 

276 

95 

25-7 


1/ 8/48-1/16/48 62s V. ACTH (37-KE) , 

1 




1/15/48 

1/21/48 

1 

Simple hj'pophysectomy 

254 

94 

16.2 


2/26/48 

3/ 2/48 

3 DCA pellets of 75 mg. each 

130 

S 3 

5-3 

66 

3/24/4S 

3/25-4/1 

0.2 cc. (160 dog tJ.) Upjohns* lipoadrenal cortex 

124 

1 

49 

6-5 

SO 


daily 

1 

1 

! 


1 

3/31/48 


151 

52 

7.3 

SO 

4/28/48 


165 

67 


56 

S/13-5/20 

5/19/48 

400 u. ACTH (42-B) 

1 

158 

61 

8.6 

40 


will be seen in table 2 that this adequate or nearly adequate adrenal replacement 
therapy had no protective effect on the renal functions of hypophysectomized dogs. 
The results with ACTH administration will be discussed in a later section. 

Eypophysedomy. In contrast with the findings in adrenalectomized dogs, table 
2 shows that DCA pellets implanted before simple hypophysectomy {Kjy and K^g) 
did not protect against the falls in renal function always seen after hypophysectomy, 
nor did implantation of pellets after the falls had been produced by hypophysectomy 
{K42) exert any restorative action. Supplementing the adrenal cortical therapy 
with large doses of Upjohn’s lipoadrenal cortex also was without effect. On the basis 
of the degree of adequacy of such adrenal replacement therapy in adrenalectomized 
dogs (table i), it seems quite improbable that the hypophysectomized dogs (table 2) 
could have been in adrenal insufficiency. The conclusion therefore seems justifiable 
that the falls in renal functions always seen after hypophysectomy cannot be due to 
adrenal insufficiency resulting from hypophysectomy. Since we have already shown 
(i) that the falls in renal functions following hypophysectomy are not due to loss of 
thyxotrophic or gonadotrophic hormones, it is concluded that such falls are due to 
loss of a 'renotrophic’ hormone, where this term is used “in the sense of a substance 
formed in the pars distalis, essential to the normal maintenance of renal blood flow, 
glomerular filtration fraction and Tm, without commitment as to the mechanisms 
involved, which does not act through the mediation of other endocrine glands, but 
which may require the presence of some adrenal cortical hormone in order to be 
effective”. 

Dog K37 requires special comment. DCA pellets (6/18/47), even when supple- 
mented by lipo-adrenal cortex (6/26/47), did not prevent the hypophysectomy from 
bringing about a considerable fall in renal functions below the prehypophysectomy 
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levels ( 5 /??/ 47 ). 'ritere was subsequent!)' sonic increase in ^'alucs (12/29/47), pre- 
sumably because oi some reycneraiion of a remaining fragment of anterior lobe which 
was found at aulojisy. In all the hyjKisjihycclomiml dogs, serial sections of the 
tubera! region and dccalrificd sella or sellar contents ivcre examined and in no case 
oilier than A'jy was any anlcrior Jobe tissue fouiuL 

Xarmil. Talile 3 shows that DCA pellets, even when supplemented with 6 mg. 
DCA in oil daily, do not .significantly raise the ob.scn'cd renal funclion.s in normal 


Tmu-t: 3. ErnxTi'. or r.saiocKtss; ADMis’i.sTc.vnoNs 70 noeiiai. docs 
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Ki siAPi:!:; ctr A;.'r* lu A»r. PAH rjccr.rr or this tasm: 

1 ^A!T 

J OLr.AK* 
j AJ.'C?: 

5 

; vreur* 
1 AVeX 

1 P-Ul 

i ra 

! 


tdr'An!' e<r/nini 

rtf/ 


i 

1 ifs 

rn'tiM 

j/TpAjb Norm.nl Diodrast clcar.ancc .nml Tm 

t 

! 214 

1 75 

21. 8 

2/19/47 Normal Xcrnbm.it anc.slhcsia 

i 23s 

85 

21 

2/24/47 Normal 

! 26.3 

ro 7 

20.3 

3/ 6/47 Normal 

\ 279 

87 


3/13/47 4 DCA pellets of 125 mg. each (Ciba)' 

3/27/47 

1 

1 262 

S3 

23.8 

4/4-4/11 h mg. DC.\ in oil daily 

i 

\ 



4/10/47 

270 

91 

27.1 

4/12-4/jS 15a u. jrrcloban plus 6 mg. DC.\ in oil daily 

4/X7/47 

34 S 

221 

30 

4/23/47 Simple hypophyrectomy; died 

1 




Dos; A’ 3!5 


4/ x/47 

X^ormal 

t 

27S 

9 X 

iS.S 

4/21/47 

Normal 

226 

73 

19-4 

4/30/47 

Normal 

^ -t to 
*0/ 

IS 


5/ x/47 
S/X9/47 

4 DCA pellets of 75 mg. each 

23S 

92 

1S.7 

s/19-5/27 

5/26/47 

150 V. prcloban d.iily 

306 

138 

28 

5/28/47 

Simple hypophysectomy; died 





* These DCA pellets were gcncrousl}’ supplied by Ciba Pharmaceutical Products, Inc. 


dogs exxept for some increase of Tm in K35. To the 2 dogs of table 3 may be added 
Kj/ of table 2, before hypophysectomy. Here the values for both clearances and 
Tm were somewhat higher (5/22/47) 9 days after implantation of DCA pellets than 
the averages of the three preceding normal values. Any increase in the obser\-ed 
renal functions from such DCA treatment in normal dogs is usually not present and 
when present is slight. 

Discussion of results with adrenal rcplaccntcnl therapy. Two (Kji and Ai/o) 0 
3 adrenalectomized dogs maintained on DCA pellets showed renal functions essen- 
tially the same as their normal pre-operative values. The 3rd dog (D41) showed 
some fall after adrenalectomy but the values remained well above those seen after 
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hypophysectomy, with or without DCA pellets. Addition of whole cortical hormone 
to this 3rd animal did not have any greater effect on renal function than DCA alone. 
It is thus seen that the adrenalectomized dog maintained at normal plasma electro- 
lyte levels usually shows normal clearances and Tm. 

Hypophysectomized dogs receiving additional adrenal cortical hormone, either 
as DCA pellets or .as pellets plus whole extract, show depression in renal functions as 
great as those seen after hypophysectomy witliout treatment. Loss of anterior lobe 
in the dog results in atrophy of the zona fasciculata and zona reticulata of the adrenal 
cortex, with but httle effect on the zona glomerulosa (7, 8), Since no disturbance of 
water or electrolyte balance or of plasma electrolyte levels (i) follows loss of the 
anterior lobe in tlie dog, it seems a reasonable hypothesis, although other possibilities 
exist (9), that the zona glomerulosa is the principal site of formation of those hor- 
mones concerned with the maintenance of water and electrolyte balance. If the 
essential factor in maintaining adrenalectomized dogs in normal renal function is the 
maintenance of normal plasma electrolyte levels, it is not surprising that the hy- 
pophysectomized dog would fail to respond to DCA treatment, since its own adrenals 
are still able to fill this role. 

It is thus seen that the depression of renal functions after simple hypophysectomy 
in the dog is not due to a loss of adrenal cortical hormones regulating water and elec- 
trolyte balance, since no such loss occurs. There is, however, after simple hypophy- 
sectomy a disturbance of carbohydrate metabolism but the depression of renal 
functions seen after hypophysectomy cannot be due to the loss of such carbohydrate- 
regulating hormones as are formed in the adrenal cortex, even though such loss occurs. 
The evidence for this statement is threefold: a) the depression of renal functions fol- 
lowing adrenalectomy can be prevented or relieved by DCA alone, the depression 
of renal functions following hypophysectomy cannot be prevented or relieved by the 
addition of whole cortical extract to DCA and c) stimulation of the adrenal cortex of 
the hypophysectomized dog with ACTH does not relieve the depression of renal 
function; the enhancement of renal function sometimes seen on giving ACTH to the 
hypophysectomized dog cannot be ascribed to adrenal cortical stimulation, since it is 
also sometimes seen on giving ACTH to the adrenalectomized dog and must therefore 
be ascribed to the presence of some further principle in the ACTH preparation. 

Since the depression of renal function following hypophysectomy cannot be as- 
cribed to thyroid, gonad or adrenal regression, it must be due to the loss of some 
anterior lobe principle which acts directly on other than endocrine tissues; this action 
may be in part on the kidney'- and in part on tissues in general, in such a way as to 
bring about increased renal activity. It cannot be solely a manifestation of the reduc- 
tion in cardiac output and oxygen consumption, since both of these functions fall 
almost as much after thyroidectomy as after hypophysectomy (i), while the depres- 
sion of renal function after thyroidectomy is relatively slight (i) as compared with 
that after hypophysectomy. It cannot be related to a fall in blood volume, since this 
is unchanged by hypophysectomy (n); we have also found that plasma volume by 
the dye method is unchanged by thyroidectomy. We believe that use of the term 
‘renotrophic hormone’ is premature unless it is clearly understood that there is no 
implication that the substance exerts a trophic effect specifically on the kidney. The 



76 


H. L. wiirn:, v. iiiaxin-cKEK, and d . roi.f 


Vt^tume 1^6 


effect may be on the body tissues in general, resulting indirectly in increased renal 
activity. It would jwrbaps be belter .simply to refer to an anterior lobe principle 
having a rcnotrophic effect. Whether the principle under discussion may be growth 
hormone is considered in the next section. 

The point may be rai.sed that the fall in renal function following hy{)ophy.sec- 
tomy, wliiie not due either to tli>Toid or to adrenal (Icpre.ssion alone, may be due to 
their .simultaneous occurrence rather than to the loss of .come furtlicr anterior lobe 
principle. For several rca.':ons we believe that this explanation can be excluded, 
Fir.st, the factors operating to maintain the renal function well above the levels seen 
after liypophyscclomy can still operate in the complete absence of thyroid, since 
thyroidectomy has much lc.s5 effect than doc.s hypophyscctomy (t). Second, the 
hyi)ophy.scctomizcd dog given adequate adrenal replacement therapy has little or no 
adrenal deficiency (so far as maintenance of the observed kidney function is con- 
cerned) and certainly has less lliyroid deficiency than docs the thyroidcctomizcd dog, 
yet his renal functions arc much more dcprc.ssed. Tliird, prcloban, a multiprinciple 
anterior lobe extract, has a greater enhancing effect on renal function in normal and 
in hypophyscctomiacd dogs than doc.s thyroid administration (12). This effect of 
prcloban cannot be througii adrenal cortical stimulation, .since adrenal cortical ther- 
apy does not increase tiie renal functions in either normal or hN'pophysectomized 
dogs {12 and present paper). Fourth, prcloban acts other than through the thyroid, 
since it raises oxx'gcn consumption and cardiac output in tliyroidcctomized dogs (i) 
and sometimes raises renal functions in thyroidcctomized dogs (i). 

Rcsulls u'itli ACTIL Tlic second approach has been to see whether the falls in 
observed renal functions following luqjopbyscctom}’' can be prevented or relieved by 
ACTH. Dog table 2 (7/3/47), showed no response to ACTH after h>'pophysec- 
tomy; before hypophyscctomy (5/29/47), it had shown a large response to prcloban®, 
a multiprinciple anterior lobe extract. Dog ivjp after hypophyscctomy showed a 
good response to .ACTH on one occasion (7/21/47), a questionable response on an- 
other (1/19/48) and no response on a third (5/ 10/4S). Dag K42 showed no response 
to ACTH before (1/15/4S) or after (5/17/48) hypophyscctonty. Thus in five runs 
on 3 hypophysectomized dogs, ACTH gave no response in three, questionable in one 
and good in one. 

Table i, however, show's that in one {Dog K40, 3/ 29/4S) of three runs on adrenal- 
ectomized dogs, ACTH also gave a response; this shows that tlie response when 
present in hypophysectomized dogs need not be ascribed to adrenocortical stimula- 
tion and indicates the presence of some further anterior lobe influence. 

Elccirolylc, NPN and urcajindings. Table i show’s that DCA pellets maintain 
normal Na and K plasma levels in adrenalectomizcd dogs for several months and tliat 
the rise in plasma NPN is the earliest obserx’ed sign of incipient adrenal insufficiency, 
a fall in PAH Tm being the next most sensitive indicator. The rise in NPN begins 
while inulin clearance is still normal; this had also been obserx’cd in Dog K^i (i)- 
w’as expected that a diminished urea/inulin clearance ratio w’ould be seen, but the 
experiments of June 10, 1948 on K40 and of June 7, 194S on K41 show urea/inulin 
clearance ratios of 0.59 and 0.5S, respectively, which are normal values. 

** The prcloban was generously supplied by the Wintlirop Chemical Company. 
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DISCUSSION 

The finding with the first type of experiment, that adrenal replacement therapy- 
adequate to maintain the observed renal functions of adrenalectomized dogs at or 
near the normal levels has no protective effect against the falls of these renal functions 
in hypophysectomized dogs, is interpreted as meaning that the falls seen after hy- 
pophysectomy are not due to adrenal insufficiency and are due to the loss of an ante- 
rior lobe influence not thyrotrophic, gonadotrophic or adrenotrophic, since these first 
two have previously been excluded (i). The finding with the second type of experi- 
ment, that the ACTH preparations employed had no effect on the renal functions of 
hypophysectomized dogs ascribable to adrenocortical stimulation, supports this inter- 
pretation. The anterior lobe principle whose loss is principally responsible for the 
depression of renal function following hypophysectomy is not further identified; the 
view that the anterior lobe may directly affect tissue metabolism has been expressed 
by earlier workers (13-17). 

The question of growth hormone may be raised. The ACTH preparations em- 
ployed gave positive effects on renal function only rarely in normal, in adrenalecto- 
mized and in hypophysectomized dogs; all are stated to have a negligible content of 
growth hormone. It is possible that quite small amounts of growth hormone are 
enough to account for the inconstantly observed effects. It is also possible that some 
further anterior lobe principle acting on the kidneys or on tissues in general is respon- 
sible; further experiments with known dosages of growth hormone should help to 
answer this. 


SUMMARY 

The depression of renal function in the dog following hypophysectomy is not due 
to adrenocortical regression dependent on loss of adrenotrophic hormone; two argu- 
ments are offered. First, adrenal replacement therapy adequate to maintain the 
renal function of adrenalectomized dogs at or near normal has no protective effect on 
the renal function of hypophysectomized dogs. Second, ACTH has no effect on the 
renal function of h3piophysectomized dogs ascribable to adrenocortical stimulation. 
Since the thyrotrophic and gonadotrophic hormones have previously been excluded, 
the depression of renal function following hypophysectomy is ascribed to the loss of 
some further anterior lobe influence which acts on the kidneys or on tissues in general; 
the question of whether this is growth hormone is left unsettled. 

Plasma urea and NPN begin to rise in adrenalectomized dogs maintained on 
DCA pellets while plasma Na and K and plasma inulin clearance are still normal; the 
expected fall in urea/inulin clearance ratio under these circumstances was not seen. 
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NEPHRO-OMENTOPEXY, COMPENSATOPY RENAL HYPER- 
FUNCTION, iVND PAR.ALLEL MEASUREAIENTS OF 

RENAL DYNAMICS 

N. S. R. MALUF‘ 

From the Department of Pharmacology, University of Louisville School of Medicine 

LOUISVILLE, KENTUCKY 

T his began as a study of tlie effect of omentopexy on renal dynamics. As 
a sequel, d3'-namics of each kidne}'- before division of a renal arter}'- and then 
of the remaining kidne}'- Jiave been measured. So far as known such studies 
have not been made before. 

Nephro-omcnlopcxy and other nephropexies. Claims of improvement of renal function after 
nephro-omentope.vj'' in renal- vascular disease are questionable due to inadequate measurement of 
such function. Muller and Cholzow (cf. i) and Ritter (2) reported favorably on few cases but 
Burger and Carter (3) and Weeks et at. (4) performed nephro-omentopexjq nephro-myopexy, or 
spleno-renopexy on 12 hyperpiesic- patients without lasting fall in arterial pressure. 

Sitcr (i) stripped the renal capsule of cats and dogs and wrapped the kidney with omentum. 
He claimed that the kidneys functioned adequately even after their vessels were subsequently tied 
off. Kawashima imbedded a kidney in the abdominal muscles and later tied off both renal arteries; 
the dog survived (cf. i). Paunz (5-8) decapsulated the kidney, halved it almost to its pelvis, in- 
serted part of the omentum into the wound and enveloped the kidney with redundant omentum. 
In one case the renal artery was ligated and the opposite kidney removed. A year later the dog 
was killed and it was claimed that the renal artery was totally obliterated. 

MacNider and Donnelly (9) and Davis and Tullis (10), using essentially Paunz’ method, found 
that the intra-renal omental fat disappeared and was replaced by connective tissue and that capil- 
lar}' invasion into the kidney was not significant around the glomerular tufts. Apparently nobody 
since Paunz has maintained a kidne}' solely on blood supplied from an omen to-, myo-, or splenopexy. 
Mansfield et at. (ii) made dogs hyperpiesic by renal artery constriction and noted return of h}'per- 
piesia within 40 days after nephro-omentopex}'. 

Compensatory renal hyperfunction. Two thirds of the canine total renal mass can be removed 
at a time without causing death. If three quarters of the total renal mass is removed survival is 
impossible. Destruction of the renal nervous plexus makes no difference (12). When compensatory 
hypertrophy of a canine kidney has occurred after removal of its fellow, half of the remaining kidney 
may be removed without fatal outcome (13). Compensatory hypertrophy is not a formation of 
new nephrons but is a hyperplasia and hypertrophy of tubular epithelium and glomerular tufts and, 
somewhat, an engorgement of blood-vessels (14-20). 

After unilateral nephrectomy in rabbits the halved urea-clearance gradually rose to 66 per cent 
of normal (18); in dogs the urea-clearance became normal in ii days after unilateral nephrectomy 
(17). Foster (21) found the urea-clearance approximately normal in patients who had sustained 
unilateral nephrectomy. Ellis and Weiss (22) arrived at similar results with phenol red excretion. 


Received for publication October 18, 1948. 

* Present address: Surgical Research Unit, Brooke General Hospital, Fort Sam Houston, 
Texas. 

~ ‘Hyperpiesia’ is preferred to ‘hypertension’ because the former is derived exclusively from 
Greek and thus is etymologically acceptable. 
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MKTItOUS 

Exhriorizdliou nf I lit ; (-.Kit'ctl /r/^onr is (Icsrrihcd cisttwhcrc ( 2 ,^ ) . It was nccessarv 
If) perform this operation to meastire the function of each kidney se[)a rat eiy in iin- 
anestheliml trained <logs. 

:\'rpl!ro-oiin:itl(>prxy. 'Three (yjHS of nejthro-omentopexy v/ere j)erU)rmed. In 
all types, the left ki<lney and the omentum were {lelivered thnm"h a lateral subcostal 
iK'ision after splitting the external oblique, internal oblitiue attd transverse abdominal 



Fig. I. Kionky nr.i.ivcur.i) llinmgh lateral subcostal incision two months after a Type II 
omcnto])e.\y. Tlic light-coiored iiroati band along the greater curvature of the kidney is where the 
omentum has tjecn tucked into the <Ieep coronal incision in the renal ])arenchyma. 

Fig. 2. Latkkai. Ast’KCT of kidney delivered through lateral subcostal incision. Two months 
after a Type II omcntoirexy. 

Fig. 3. Kidnicy two months after a Type II omcntoi)cxy. The adherent omentum has been 
dissected away. The deep groove, 5, is the site of the incision into which the omentum had been 
tucked. Note its smooth well-rounded surface. 

Fig. 4. Samk KIDnky as in fig. 3 but split open to show, more strikingly, the smooth, well- 
rounded surface udiich repre.sents the cut surface at the time of the omentojie.xy. 

muscles. In all, the kidney was decapsulated. The omentum was sutured to the 
portion of the capsule remaining at the hiium. Care was taken to apply the omentum 
to the kidney without torsion or tension and with mininal compromise to its blood- 
supply. In the Type I omentopexy the omentum w'as folded ov’^er the kidne}'^ in three 
layers, longitudinally, like a Japanese fan. The tail of the omentum was then folded 
over the kidney making a fourth layer. In the Type 11 omentope.xy a rubber-shod 
bulldog clamp was applied to the left renal artery from the posterior aspect and the 
kidney was divided along its coronal plane almost to the renal pelvis. The medial 
border of the omentum was tucked all the way into the incision and kept in place by 
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three loose mattress sutures of fine 4-0 silk which were passed deep into the renal 
parenchyma. Three stab-wounds were made into each half of the divided kidney, 
which was then completely covered by folding over it the distal portion of the omen- 
tum. The bulldog clamp was removed in not oyer 2 5 minutes. Grasping the kidney 
with the fingers for a few minutes prevented bleeding. The kidney was returned into 
the abdominal cavity which was closed in layers. When such a kidney was re- 
exposed after several weeks for division of its artery, it appeared as in figures i and 2. 
The enveloping omentum continued to have a rich blood supply. The Type III 
omentopexy was similar to the first except that, in addition, the renal cortex was 
shaved throughout to a depth of about 0.25 cm. 

Division of the rental artery and vein was made at least eight weeks after the omen- 
topexy through a lateral subcostal incision adjacent to the scar of the former in- 
cision. The kidney and adherent omentum were carefully delivered through the 
wound and the renal artery and vein exposed by deflecting the kidney medially. 
The vessels were doubly ligated with 2-0 silk and divided. The operation was prac- 
tically bloodless. 

Renal denervation is related elsewhere (24). Proof of denervation was by epi- 
nephrine (see Results) . In all the operations anesthesia was by intravenous sodium 
pentobarbital, 32 mg/kg. The skin was shaved and prepared with acetone and 
aqueous zephiran, 1:500, Strict asepsis was practiced. 

■. Renal clearances. Water was given by stomach tube, 50 cc/kg., and the clear- 
ances measured during diuresis. The creatinine clearance was used as a measure of 
glomerular filtration, which is permissible in the dog (25). Three gm. of creatinine, 
dissolved by heat in 30 cc. of saline and allowed to cool to body temperature, were 
injected subcutaneously bilaterally in the lateral abdominal area about 20 minutes 
before taking the first blood sample. The level in the plasma was fairly constant 
during the period of measurement, which lasted 15 to 20 minutes. The. creatinine 
clearance was measured during the period of PAH clearance at low plasma levels 
of PAH and again during the period of measurement of tubular maximum for PAH. 
Four blood samples were taken in all; the first two were venous and the second two 
arterial. The initial creatinine clearance was taken as the value of glomerular filtra- 
tion in table i. The creatinine clearance immediately after injection of the large 
dose of PAH averaged only 59 per cent of the initial but was, necessarily, the value 
of filtration used in determining the tubular maximum for PAH. In only three of 
the many measurements was the second creatinine clearance equal to or slightly 
greater than the first. The drop in creatinine clearance, after the large dose of 
PAH, occured regardless of whether the urinary flow was falling, rising or constant; 
it also took place in denervated kidneys, and when arterial puncture was not done. 

The effective renal blood flow was measured by adding i.i to 1.7 cc. of 20 per cent 
sterile sodium para-aminohippurate (product of Sharp & Dohme) to the above solu- 
tion of creatinine. The plasma level was fairly constant during the 5 to 10 minutes 
of measurement and was always less than 3 mg/ioo cc. (table i). Collection of 
urine was directly from the external ureteral orifices (23). For measurement of 
maximal tubular transport of PAH, 25 to 35 cc. of the 20 per cent sterile solution 
were injected fairly rapidly into an external jugular vein. The third blood sample 
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was drawn from a femoral artery after about one minute. The urine was collected 
for the five minutes immediately after the third blood sample. The fourth blood 
sample was drawn from the femoral artery without delay. For the arterial punc- 
tures, a no. 20 Lindemann needle was used and kept in place during the six minutes, 
or the artery was exposed through a small incision under local 2 per cent procaine and 
a no. 22 hollow needle used. This was done under as sterile precautions as possible. 
Bleeding from the puncture was prevented by local compression after withdrawing 
the needle. The average concentration of PAH in the plasma was assumed to be 
the mean of the two blood samples for the second collection period (table i). The 
concentration of each sample averaged ± 37 mg/ 100 cc. from the mean. The above 
assumption is doubtless inaccurate but, because of constancy in timing and in the 
amount injected into every animal, our Tm’s probably have comparative if not ab- 
solute value. Analysis was after that detailed by Smith et al. (26). One-cc. pipettes 
were never used for delivering blood or urine. 

RESULTS 

Nephro-omentopexy reduces the rates of glomerular filtration, effective renal 
blood flow and maximal tubular transport (table i: dogs A, B, C, F, F). Dogs A 
and E had a Type I omentopexy; the others had a Type ID, and some which are not 
listed had a Type III. 

Division of the main stem of the renal artery on the side of the omentopexy, over 
two months after the omentopexy, resulted in complete cessation of all renal function 
on that side (table 1: dogs D and £). This was also true in dogs with a Type III 
omentopexy. When a small renal branch of the renal artery was overlooked sup- 
pression of urine from the corresponding kidney was not complete (dog C). When 
the principal renal artery bifurcated into two main branches and only one was divided 
renal function on that side was approximately halved (dog F). 

Nephro-omentopexy was thus valueless as a method of increasing renal function. 
On the contrary, due to the inevitable trauma of the procedure there was appreciable 
reduction of renal function; this, as would be expected, was most marked in the Type 
III omentopexy. The omentum retained its vascularity (figs, i and 2) and was 
closely adherent to the kidney, as it had been placed at operation, by fibrous tissue 
and, very sparsely, by small blood vessels. A new renal capsule was formed from 
fibrous tissue within a few days and developed no striking vascular connections with 
the omentum. The cut surface of the kidney, into which omentum had been tucked, 
became smooth and well rounded by fibrous tissue (figs. 3 and 4, S) and had only 
slight vascular connections with the omentum. After division of the main renal 
artery the omentopexy did not save the kidney from atrophy and, as seen in histo- 
logical preparations, by fibrotic replacement. 

The potentiality of nephro-omentopexy was tested to the limit in a six-month-old 
pup with a bifurcating left renal artery (table i: dog F). Only one branch of the 
renal artery was divided eight weeks after omentopexy. Several weeks later the 
opposite kidney was removed. The animal’s life thus hung on the hypertrophied 
one-fourth of its original renal mass. It continued to be healthy and have a vora- 
cious appetite. When, a few weeks later, the remaining branch of the left renal 
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artery was divided the animal promptly went into anuria and had to be killed on the 
third day because it liad uremic twitchings. The omentopexy thus failed to support 
the kidney even wlien given the possible stimulus of partial renal ischemia for several 
weeks. Incidentally, the remaining branch of the left renal artery had enlarged 
markedly. 

After division of one renal artery there was no rise in blood urea. This was 
evidently due to a practically prompt ri.se in the rates of glomerular filtration, cflfec* 
tivc renal blood flow, and maximal tubular transfer in the contralateral kidney 
(table I : dogs C, D, E, F). The same applies after unilateral nephrectomy (dogs F, 
G, 11 ). The operations were done carefully with practically no blood loss. 

Rise in function of the contralateral kidney became obvious directly after the 
operation for division of the renal artery by an increased urinar)' flow from the ureter 
of the functioning kidney. The first actual measurements of renal function were 
made two days after division of the renal artery and showed a marked increase. 
There was a steady rise in the rates of glomerular filtration, effective renal blood flov;, 
and maximal tubular transfer until about the end of the second month after which 
compensation stabilized (table i: dogs C, G, IT). 

Compensation by augmented renal function of the intact kidney was possible 
even when renal function was depressed bilatcrall}' presumably due to retrograde 
infection (table i ; dog D, after division of the left renal artery). 

Denervation of a kidney did not prevent compensatory hyperfunction by that 
kidney after removal of its mate (table r: dog II). Furthermore, denervation did 
not reduce already acquired compensatory hyperfunction (dog E). Complete de- 
nervation was demonstrated by the marked potentiation to a large intravenous dose 
of epinephrine (0.22 mg/kg.) by the denervated kidney compared with the contra- 
ateral control and the lack of potentiation to a much smaller dose of epinephrine 
(dog E). Potentiation of the dener^^ated canine kidney to a large dose of epi- 
nephrine has been described by Kubicek cl al. (27) who, however, did not exteriorize 
the vesical trigone and therefore did not make simultaneous comparison of a de- 
hervated kidney with its normallj’^ innervated mate. Incidentally, since denervation 
does not potentiate the kidney to a small dose of epinephrine, these results do not, 
in themselves, contra-indicate thoraco-lumbar sympathectomy for arterial hyper- 
piesia. 

- DISCUSSION 

Nephro-omentopexies do not augment renal function but rather reduce it. 
Furthermore, a kidney cannot be maintained solely on the meager adventitial blood 
supply provided by omentopexy. The few successful reports in the past were prob- 
ably due to the over-looking of a branch of the renal artery. One of our dogs was 
kept alive and in health even after dividing a branch of a bifurating renal artery and, 
several weeks later, removing the opposite kidney (dog F). It was thus living on a 
hypertrophied one-fourth of its renal mass. 

The most interesting factor is the rise, abrupt, in renal dynamics of a kidney 
after removal of its mate or after division of the main artery of its mate. That com- 
pensatory h3q5erfunction is not affected by the nerv'e supply is shown here. Hyper- 
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trophy fails to occur after removal of the hypophysis in frogs (28a and b) and dogs 
(29-3ia) and probably, specifically, of the anterior hypophyseal lobe (sib). More- 
over, hypophysectomy strikingly reduces glomerular filtration, effective renal blood 
flow and maximal tubular transfer of otherwise normal dogs. There is no reduction 
in circulating blood volume. Loss of pitressin-forming tissue does not affect these 
renal functions. Conversely, hypophyseal extract produces a rise in the above renal 
functions in normal and in hypophysectomized animals. Thyroid gland, orally, 
results in similar although less marked increase in renal function (32). 

SUMM. 4 RY 

It was not possible to augment renal function by any type of nephro-omen~ 
topexy. On the contrary, renal function was reduced by the procedure. Nephro- 
omentopexy did not prevent renal atrophy after subsequent division of the renal 
artery. There was a marked and almost immediate rise in function of the contra- 
lateral kidney after division of one renal artery or after nephrectomy. Maximum 
hyperfunction was attained at the end of about two months. A dog was capable of 
hving on a hypertrophied one-fourth of its renal mass. Already acquired renal hyper- 
function was not inhibited by denervation. Hyperfunction of one kidney as a result 
of removal of its mate was not prevented by initially denervating that kidney. 
Even an infected kidney with reduced function underwent hyperfunction after its 
mate was removed or strangulated. 
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EFFECT OF INTRAVENOUSLY ADMINISTERED GLUCOSE 
ON FOOD INTAKE IN THE DOG 

HENRY D. JANOWITZ, M. E. HANSON and M. I. GROSSMAN 
^rom the Department of Clinical Science, University of Illinois College of Medicine 

CHICAGO, ILLINOIS 

AS A man or animal ingests a meal the further intake of food is progressively 
inhibited. This obvious event of daUy experience cannot be adequately 
JL Jl explained physiologically. We do not know the mechanisms by which the 
ingestion of food brings about a reversal of the desire to eat, nor do we know the 
nature of the stimuli which produce this effect, nor where these stimuli act. We 
believe that undue emphasis has been placed upon the gastric factor in the regulation 
of food intake (1-5) and that other aspects of this regulatory mechanism require 
study. 

The present report deals with one facet of a systematic analysis of the factors 
which might be concerned in the physiological regulation of food taking behavior 
by studying the effect of parenterally administered foodstuffs on food intake. 
We (6) have recently shown that intraperitoneal injection of glucose and protein 
hydrolysate mixtures in the rat had no more inhibitoiy effect on food intake than 
corresponding volumes of saline. The continuous eating habits of the rat and the 
difficulties in administering parenterally more than 25 per cent of the daily 
caloric requirement to this species prompted the present study on the effects of 
intravenously administered glucose, one of the products of normal digestion, on food 
intake in the dog. Controlled studies on this subject are not available. 

Three series of experiments were performed. In the first, large amounts of 
glucose solution were administered during one-hour periods before feeding; in the 
second, glucose was infused for longer periods of time at rates the dog is considered 
capable of metabolizing and in amounts which formed significant portions of the 
daily caloric requirement; in the third, more concentrated glucose solutions were in- 
jected rapidly intravenously just before the dogs were allowed to feed. 

METHODS 

Five mature mongrel dogs were employed. The animals were housed in individual cages in an 
air-conditioned, relatively constant temperature dog room. They were fed daily by the same in- 
dividual, and at the same hour. These animals had been employed in previous studies on food in- 
take, were accustomed to the feeding procedures, tolerated intravenous infusions for long periods of 
time without restraints or restlessness, and were generally stabilized as to food intake and body weight. 

The diet during the first and second series of experiments consisted of a commercial dried dog 
food (Pard, Dehydrated, Swift) moistened with cooked meat juice. One gram of this mixture con- 
tained 2.5 calories. In the third series of experiments a complete commercial dog food (Pard, 
Regular, Swift) w-as used; this contained 1.2 calories per gram of food. The materials infused were 
dissolved in pyrogen-free w'ater at room temperature. No nausea, vomiting or fever occurred. 


Received for publication November 4, 1948. 
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In Uic first anti second series of experiments, the food was offered to tlic dogs 20 minutes after 
the completion of all intravenous infusions, and the pans were allowed to remain in the cages for 
exactly 45 minutes, following which they were removed and weighed. There was free access to 
water at all times. In the third series, the intravenous injections were performed directly prior to 
feeding. 


ItlCSULTS 

In the first series, summarized in table 1, 2 dogs received 200 cc. of 20 per cent 
glucose in 0.3 per cent NaCl intravenousK', one dog received 200 cc. of 10 per cent in 
0.3 per cent NaCI and 2 dogs received 400 cc. of 20 per cent glucose in 0.3 per cent 


Tabix I 


DOO NO. 

ri:niot) or studv 


! AV. DAILY roOD 

1 IVTAKE, CM. 

root) INTA 3 CE 

(,7o or cosrroL 
period) 

15 

Control 

7 

317 



200 cc. saline* 

7 

239 

74.9 


200 cc. glucose 20%' 

7 

273 

86. 1 

16 

Control 

7 

589 

mum— 


200 cc. saline 

7 

364 



200 cc. glucose 20% 

7 

650 

mBSM 

r? 

Control 

7 

! 577 



200 cc. saline 

7 

436 

75 *^ 


200 cc. glucose xo%’ 

7 

I 569 

1 98. 6 

1 

16 

Control 

10 

443 



400 cc. glucose 20% 

7 

559 

126.1 


400 cc. glucose 20% 

9 

409 

92.3 

17 

Control 

7 1 




400 cc. glucose 20% 

7 ! 


112.6 


400 cc. glucose 20% j 

9 j 


102.4 


^ 0.85% NaCl. • 20% Glucose in 0.3% NaCI. ’ 10% Glucose in 0.3% NaCi. 


NaCl during one hour daily for from 7 to 9 da3'S. As a control procedure, 3 dogs 
received equivalent volumes of 0.85 per cent NaCl intravenouslj’- during one hour 
daily for 7 days of the w'eek preceding the glucose infusions. 

The results indicate that glucose infusions failed to inhibit significantly food in- 
take 20 minutes after the conclusion of the infusions. The percentage of food con- 
sumed ranged from 86.1 per cent to 110.3 per cent of the food eaten during the con- 
trol period, and in no case did the decrement exceed that which occurred in the period 
of saline infusion. 

In the second series of observation summarized in table 2, 5 dogs received from 
584 to 960 cc. of 15 per cent and 1274 cc. of 10 per cent glucose in 0.3 per cent NaCl 
during 4 to 6 hours daily for periods of from 2 to 9 days. The volumes ranged from 
146 cc/hr. to 212 cc/hr., depending on the w'eight of the dog. This represented a 
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rate of 1.7 grams of glucose/kg. of body weight/hour which is considered to be well 
within the capacity of the dog to remove glucose from the blood (7). Salmi con- 
trols were performed as above. 


TABtE 2 ^ 


DOG NO. 

PERIOD 

NO. OF DAYS 

AV. DAILY 
FOOD INTAKE, 
CR. 

AV, VOL. 
DAILY CC. 

% OF CON- 
TROL CAL. 
INFUSED 

% CHANGE 
FROM CON- 
TROL PER. 

IS 

Control 

14 ! 

23s 





saline^ 

6 

206 

583 


— 12 


15% glucose* 

i 

9 

200 

584 ' 

S 9 -S 

-IS 

16 

Control 

6 

49 S 





saline 

2 

377 

923 


-24 


15% glucose 

3 

446 

960 

43-8 

—10 

17 

Control 

14 

391 


1 

! 

1 


saline 

6 

546 

812 


+39 


15% glucose 

9 

393 

850 

42.8 

0 

20 

Control 

6 

366 





saline 

3 

486 

656 


+32 

j 

15% glucose 

2 

400 

663 

42.7 

+9,. 

19 

Control 

7 

358 





saline 

7 

302 

1200 


-IS 

1 

10% glucose* 

7 

336 

1214 

no 

-6 


0.85% NaCl. , , ^ 10% or 15% glucose in 0.3% NaCl. 


Table 3 


DOG. NO, 

PROCEDURE 

1 

NO. OF DAYS 

AV. DAILY FOOD 
INTAKE, Gir. 

% CHANGE FROM 
CONTROL PER. 


Control 

7 

650 



50% glucose^ 


705 

+12 

17 

Control 

7 

1041 

' i 

1 

50% glucose 

2 

952 

-8 

18 

Control 

7 

690 


i 

50% glucose 

2 

720 

+4 

1 

19 

Control 

7 

621 



50% glucose 

2 

670 

+9 


^ 20 cc. of 50% glucose. 


The results indicate that the infusion in the form of glucose solutions of from 42 
to 100 per cent of the calories eaten during the control period produced no significant 
corresponding depression of food intake. The decrement which ranged from o to 
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15 per cent was well within the spontaneous daily fluctuations of food intake seen in 
the control period, and in the periods of saline infusions, and was significantly less 
than the fraction of the daily caloric requirement infused. 

In the third scries, summarized in table 3, 4 dogs received 20 cc. of 50 per cent 
glucose intravenously on two separate days just prior to being fed. There was no 
significant depression of food intake as compared to the average daily food intake 
on control days. Although food was offered to the dogs for a period of 45 minutes, 
in almost all cases the dogs consumed their entire daily intake during the first 15 
minutes and took no food during the remaining 30-minutc period. 

DISCUSSION 

These results indicate clearly that intravenous glucose did not inhibit food intake 
in the dog under the conditions of these experiments. In considering the significance 
of these results two closely related aspects of the problem must be clearl}’ distin- 
guished. The first is the prompt effect on any specific meal of the intravenously 
administered glucose. The second is the effect of prolonged intravenous feeding on 
subsequent food intake. 

As regards the first, the findings presented in this study indicate that elevating 
blood glucose levels by intravenous infusions of glucose in the experiments of series 
I and 3 had no inhibitoiy effect on food intake immediately after the infusions. 
Brobeck (8) has recently stated that “if there is indeed a central regulation of food 
intake, it must depend upon some reversible change which occurs during assimilation 
of food, a change able to activate or inhibit the sensitive cells.'' Our findings would 
indicate that supplying the organism with glucose, one of the products of normal 
digestion, does not effect such changes and cannot be considered responsible for the 
progressive inhibition of food intake when it results from the ingestion of a meal. 
This finding is also consistent with our recent obsen’ation that intravenously ad- 
ministered glucose in man is without effect on the hunger sensations which accom- 
pany deprivation of food (g). It is also in keeping with reports of Quigley and his 
coworkers that intravenously administered glucose did not inhibit gastric hunger 
contractions and intestinal motility in the dog (10, ii). 

As regards the second aspect, mentioned above, the evidence presented in the 
experiments of series 2 is inconclusive, since only dog ip received seven consecutive 
daily infusions; the remaining 4 dogs received two or three consecutive daily in- 
fusions, alternating with periods of saline or control days. In this connection the 
fate of the extra calories given the dog is of importance since they may be concerned 
in the adjustment of food intake to bodily needs during longer periods of time than 
were studied in this experiment. Theoretically they may be stored as fat, expended 
as work, or dissipated as heat. During the short term of this experiment the weight 
of the dogs in series 2 remained relatively constant, varying by o.i to 0.2 kilograms. 
However the calculated weight gain, which would be expected if the glucose were 
stored as fat, would be small ranging from 0.08 to 0.5 kilograms (dog 15, 0.25 kg.; 
dog id, 0.16 kg.; dog 17, 0.15 kg.; dog 20, 0.08 kg.; dog ig, 0.35 kg.) and except for the 
larger amounts would be detected with difficulty. 

Increased activity may have occurred but was not noticed or measured in these 
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caged dogs. While increased metabolism, perhaps from the specific dynamic action 
of the materials infused, may be a third possibility, no evidence is available on this 
point. Controlled experiments on the effects on food intake of long continued feed- 
ing by other than oral routes are needed before this aspect of the regulation of food 
intake can be clarified. 


SUMMARY 

Daily intravenous administration of glucose had no significant inhibitory effect 
on food intake in the dog during periods of 2 to 9 days. 

REFERENCES 

1. Tsang, y. C. J. Comp. Psychol. 26: i, 1938. 

2. Morgan, C. T. and J. D. Morgan. J. Genetic Psychology 57: 153, 1940. 

3. Grossman, M. L, G. M. Cummins and A. C. Ivy. Am. J. Physiol. 149: 100, 1947. 

4. Harris, Stanley C., A. C. Ivy, and Laureen M. Searie. J. A. M. A. 134: 1468, 1947. 

5. Young, Paul Thomas. Psych. Bull. 45: 287, 1948. 

6. jANOwrrz, Henry and M. I. Grossman. Am. J. Physiol. In press. 

7. De Takats, G. and F. P. Cuxhbert, Am. J. Physiol. 102: 614, 1932. 

8. Brobeck, John R. Ann, Rev. Physiol. 10: 315, 1948. 

9. Janowitz, Henry and M. L Grossman. Am. J. Physiol, iss- 28, 1948. 

10. Quigley, J. P. and W. R. Hallaran. Am. J. Physiol, 100: 102, 1932. 

11. Quigley, J. P. and William H. Highstone. J. A, M. A. 102: 1002, 1934. 



LACTIC AND PYRUVIC ACIDS IN THE BLOOD AFTER 
GLUCOSE. AND EXIHICISE IN DliVBETES MELLITUS'-- 

U. K. nORWITl', 0 . W. HILLS’ and OSCAR KRKISLER 
From (he Biochmicnl Research Laboratory, Elgin Stale Hospital 

TAJGIS, ILLINOIS 

T he cbaraclerislic rclalionsliips whidi normally exist betsveen glucose, lactic 
acid and pyruvic acid have been described (i). This relationship is mark- 
edly altered in diabetes mellitus. \Miercas the normal individual has a 
marked rise in lactic and [lyruvic acid following the administration of glucose (2, 3), 
Bueding, Wortis and Fein (4) and Klein (5) have reported that the rise in the diabetic 
patient was either absent or delayed, and that insulin administration in diabetes in- 
creases the concentrations of lactic and pyruvic acid in the blood. Himwich (6) 
and the present authors’ have shown that there is a dramatic rise of lactic and pyruvic 
acid in the diabetic subject after exercise. 7 'he present study is an attempt to pro- 
vide a means of distinguishing mild diabetes from other forms of In-jicrglycemia and 
to learn more about the possible difTcrenccs between carbohydrate metabolism attest: 
and during muscular work. 

METHODS AND PROCEDURE 

The glucose, lactic add and pyruvic acid methods used have been previously described (i). 

A group of known diabetics, both men and women, were selected in May 1944 for a study of 
the lactic and pjTUvic acid changes in the blood which could be comjiarcd with those in subjects 
who had a B complex vitamin dcfidcncy (7) and others who had an apparently normal carbohydrate 
metabolism. In the present continuation of these c.Ti)crimcnts not all of tlic former subjects were 
available and new ones had to be added. An asterisk in the tables indicates that the subject was 
available throughout the period of the study (1944-48). 

All of the paU'ents were deprived of insulin, either protamine zinc or regular, for at least 20 
hours prior to the period of testing. The basal bloods were drawn in the early morning postabsorp- 
tive state after the patients had been completely relaxed for at least one-half hour. Due precautions 
were taken for the preservation of pyruvic add, as suggested by Friedemann and Haugen (8). The 
amounts of glucose given orally was r.8 gm/kg. of body weight. Tlie tests described below are at- 
tempts to determine how the diabetic differs from the normal indi\ndual in his ability to change 
glucose to lactic acids with and without exercise. /\n extensive treatment of such data for non- 
diabetics is reported elsewhere (i, 7). 

EXPERIMENTAL 

Comparison of Normal and Hypcrglyccjiiic Conditions. For purposes of orienta- 
tion, figure I contrasts the average glucose, lactic acid and pyruvic acid levels of 5 
normal subjects and 5 diabetics, following glucose administration. The normal 

Received for publication October 18, 1948. 
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curve shows a sharp rise in these three metabolites after glucose ingestion, returning 
to approximately basal levels in i8o minutes. Significant is the fact that the lactic 
and p3rruvic acids rise and fall proportionately with the glucose. The diabetic curve, 
however, shows an early and prolonged elevation of glucose with almost no rise in 
lactic or pyruvic acid at 6o minutes and a slow rise thereafter. Some elevation of the 
levels of glucose, lactic acid and pyruvic acid still persists four hours after glucose 
administration. The lactate and pyruvate rise obtained in the diabetics is not greater 
than the normal rise but since the glucose increases are large the approximate lo to 
I ratio of glucose to lactate is completely distorted. 



Fig. I. CoiiPARisoN OF NORMAL AND DIABETIC CURVES for blood glucose, lactic add and pyru 
vie acid after glucose ingestion. Av. of s subjects in each group in mg. per cent. Interrupted line 
represents the normals; solid line, the diabetics. G, L, and P are glucose, lactic acid and pyruvi 
add respectively. 

This lag of the lactic acid and pyruvic acid levels following glucose administration 
affords a reliable test for the differentiation of true diabetes mellitus and of the pro- 
longed, equivocal glucose-time curves of other causes of hyperglycemia, either ali- 
mentary, circulatory or emotional. An example of such a test is given in figure 2 
in which a subject, who is classified as an arteriosclerotic and who frequently has a 
high basal glucose and an elevated glucose-time curve, is compared with a typical 
diabetic. The arteriosclerotic subject, on whom the above observations were made 
in February 1944 (together with more than a dozen similar cases which have been 
frequently checked for a period of about 4 years), has not changed during the interim 
to give any indication of possible deterioration to a diabetic state. 

Effects of Exercise with and without Glucose Ingestion. In order to evaluate the 
effect of exercise, both with and without glucose, in diabetes the standard exercise 
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test previously described (i) consisting of climbing and descending 21 ordinary steps 
twice in one minute, was applied to 7 diabetic patients and 6 non-diabetics. The 



Fig. 2. CoitPARi.so.v or GLCCOSR, L/VCTfc ACID AKD PVRCVic ACID LFA’Ets in an artcriosclciotic 
subject with a dialwtic subject. Arteriosclerotic subject represented by interrupted lines. 


■Table i. Efeect of mild exercise without ixsulix or glucose ox the xormal and diabetic 

SUBJECT 



UASAI, Z.E\XL 

MG. PER CENT 

5 msvrts ATTER 

EXERCISE 

I 70 in.VPTES AFTEX 

! Exr.sasE 

I 

Age-sei 

Glu. 

Lac. 

Pyr. 

GIu. 

Lac. 

Pyr. 

Glu. 

Lac. 

Pyr. 

Non-diabetic 












J.S. 

64 

cf j 

114 

I 3 -I 

1. 16 

122 

16.4 

1-39 

124 

13.2 

1.50 

E.R. 

63 

cf 

114 

10.5 

.98 

II8 

14.4 

1.22 

I 2 I 

12.6 

I-I 5 

S. T. 

77 

o' 

no 1 

8.4 

.80 

II6 

11.6 

1 .08 

118 

10. 2 

.87 

R.C. 

27 

& 

104 

6.7 

.90 

no 

15.7 

1.30 


9-7 

1.02 

J. L. 

35 

cT 

99 

6.8 

.88 

94 


.94 

94 

8.0 

.88 

J.S. 

20 

cf 

99 

6.4 

•74 

102 

10.4 

•94 

t 99 

9.6 

•94 

Average 



107 

8.7 

•91 

no 

13.7 

I. IS 

III 

10.6 

1.06 

Diabetic 










1 


J.J. 

67 

c? 

162 

12.6 

1.30 

159 

20.0 

1.62 

158 

20.4 

1.68 

J. T. 

62 

cf 

21S 

7.6 

.70 

213 

17.6 

1.30 

208 

16.0 

1.32 

M. E.* 

59 

9 

260 

12.2 

1.22 

2yo 

20.4 

r.S 6 

270 

17.6 

1.50 

L. E.* 

6g 

9 

240 

II. 8 

1. 14 

23 S 

20.2 

1.66 

237 

iS-S 

1.36 

R.S. 

39 

9 

232 

W 

H 

1.06 

230 

22.4 

I.S8 

240 

15-8 

1.36 

J. B.* 

51 

9 

23 s 

12.0 

1. 14 

234 

20.8 

1.82 

228 

1S.2 

1.70 

Average 



224 

II. 2 

1.09 

224 

20.2 

I-S9 

224 

17-3 

1.49 


results which include analyses of blood drawn after 16 hours of fasting and samples 
drawn 5 and 10 minutes after exercise are given in table i. The data indicate that 
the blood glucose level is not affected by this amount of exercise but that there is a 
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definite rise in lactic and pyruvic acid which is approximately proportional to the 
blood glucose levels in both groups of subjects. The same mild exercise test con- 
ducted after the ingestion of glucose pro\dded the data given in table 2. This ex- 
ercise was given to 10 diabetics and 10 non-diabetics one hour after the standard 
glucose ingestion. Several facts are evident. The delayed rise of lactic and pyruvic 
acid in the diabetic 60 minutes after glucose administration is once again demon- 
strated, although the blood sugar levels increase from 60 to 100 per cent. This is 
contrasted with the rise in lactic and pyruvic acids in the non-diabetic. However, 


Table 2. Effect of exercise plus glucose, without insulin, on the normal and diabetic 

SUBJECT 


1 

BASAL LEVEL 

MG. PER CENT 

60 MINUTES APXEE 
GLUCOSE 

s MINUTES AFTER 
EXERaSE 

Age-sex 

GIu. 

Lac. 

Pyr. 

Glue. 

Lac. 

Pyr. 

Glu. 

Lac. 

Pyr. 

Non-diabetic 












a A. 

36 

O' 

no 

7.4 

•65 

137 

18.2 

1-33 

138 

21.0 

1.47 

C. F. 

32 

cf 

95 

12 . S 

•97 

i6s 

n.2 

I.31 

160 

30.8 

1.55 

W.G. 

38 

O’ 

no 

7.8 

.70 

143 

19-7 

1.88 

129 

21.8 

1.36 

W. Gn. 

41 

cf 

108 

7.7 

•63 

112 

12.9 

1.36 

132 

17.4 

1.09 

J. J. 

46 

& 

89 

8.4 

.70 

145 

14.1 

1-53 

121 

16.2 

I.91 

S.J. 

29 

6 ' 

115 

7.7 

.92 

143 

11.7 

1.25 

127 

18.6 

1.40 

L.M. 

38 

o’ 

85 

5-5 

.86 

169 

12.6 

1.41 

156 

24.4 

1-37 

D.N. 

29 

o’ 

104 

9-2 1 

.81 

116 

16.9 

1 1-32 

no 

20.0 

1.38 

L.O. 

42 


108 

7-9 

.85 

138 

11.7 

1 1.17 

146 

17.0 

1-57 

F.S. 

29 


in 

7-4 

• 75 

134 

10.9 

1.07 

109 

11.7 

1.12 

Average 



104 

1 

8.2 

• 78 

1 140 

1 

14.0 

1.36 

1 

133 

19.9 

1,42 

Diabetic 







1 




1 

! 

J.J. 

67 

o’ 

240 

14.2 

1.24 


15-3 

1.24 

456 

23.8 

1.80 

/. Me. 

81 

& 

195 

12.3 

1.06 


16.5 

1-52 

344 

36-4 

2.60 

J. T. 

62 

c? 

224 

9.8 

I.OO 


n.i 

.90 

458 

22.6 

1.80 

J.R. 

57 

o’ 

184 

n.g 

I.I9 

320 

11.7 

.94 

364 

26.2 

1.40 

T.H. 

53 

cf 

163 

10. s 

.98 

318 

11.4 

1.08 

372 

23-8 

1.60 

R. S. 

39 

9 

217 

9-3 

' .92 

422 

9-5 

1.00 

442 

23.8 

1.78 

M. E.* 

59 

9 

334 

18.9 

1.62 

600 

22.0 

1 .46 

672 

34.8 

2.84 

L. E.* 

69 

9 

334 

14.7 

1.20 

448 

16. 5 

1.20 

490 

43-5 

2.42 

S.S.* 

57 

9 

340 


2.24 

486 

22.6 

1.94 

522 

38.4 

2.58 

J.B. 

51 

9 

304 


1.40 

444 

17.4 

1.72 

514 

29.2 

1.88 

Average 



2 S 4 



427 

15.4 

1.30 

463 

30-3 

2.07 


here again as in table i, there is a marked increase in the lactic and pyruvic acid 
levels in every case after exercise. This rise is higher in the presence of a high blood 
sugar than in the same patient exercised in the postabsorptive state. 

These results show that the diabetic organism, which accumulates lactic and 
pyruvic acid very slowly in the blood in the resting state without insulin, can produce 
these metabolites promptly (5 min.) after exercise and that this rise is increased in 
the presence of either a very high blood sugar level or of exogenous glucose. This 
increase in lactic and p3nruvic acid levels in the fasting diabetic, who has been ex- 
ercised, is similar to that of the non-diabetic who has been given glucose plus exercise. 
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The non-diabetic, functioning at his basal blood sugar level, who climbs a flight of 
stairs sliows a transitory mild rise of lactic and pyruvic acid. The uncontrolled 
diabetic has a basal blood sugar level which is equal to or higher than that of the 
non-diabclic wlio has ingcslcd glucose. Therefore, .since the blood lactic and pyruvic 
levels of the diabetic rise with exercise and, since this rise is greater when the blood 
sugar level is increased, one would expect the diabetic individual to have liighcr than 
normal lactic and pyruvic acid levels under average conditions of activity, even 
though resting figures may apjicar to be approximately within normal limits. 


Taiu-e 3. ErrECT or insoun ox geucose, i-\ctate akd i’yeuvate as related to vap.yisc time, 

DOSAGE ANTJ EXERCISE 




nsSAl. (1 JlIK. 
Am:K INSfUS) 

30 «iv. Anns 
iN’seurf 

1 36 itlU . AFTER 

i.vsioi!.' {5 Mt;;. 
Arrr.R exercise) 

Ane-set 

Insulin 

Glu. 

1 I.ac. 

I'yr. 

Glu. 

1 I.ac. 

> 

j I’yr. 

Glu. 

1 Lac. 

Pyr. 




V, 



r ^ S . 7 c 



7 i ! 

■ 

BIB 


Diabetic 











■ 

m 


J.J. 

67 cT 


15 


230 

11. s 

t -32 

220 

11.6 

1.30 

214 


1. 54 

J. R. 

57 cf 


10 


140 

14.3 

1.24 

149 

12.7 

1 .oS 

144 

16.3 

1.30 

J. T. 

62 o' 


20 


236 

9.2 

1 . 16 

234 

9-5 

1.16 

217 

15-4 

i.oS 

M. E.* 

59 9 


30 


274 

11.6 

1.30 

252 

13-0 

1.36 

242 

23.8 

2.06 

L. E.* 

69 9 


30 


28S 

11.5 

1.18 

248 

12. S 

1. 38 


21.6 

2.00 

R. S. 

39 9 


20 


246 

7-3 

.60 

214 

8.3 

.72 

211 

17. 1 

1. 16 

J. B.* 

Sr 9 


20 


2S8 

13-2 

1.24 

CO 

t 3-3 

1.44 

241 

27.8 

2.06 

Average. . . . 






243 


1.15 

223 

11.6 

1 .21 

214 


1.60 



xo WIN*. Arrr.R 

60 Mi.v. ArrcR 

00 MI.V. AFTER 

p6 MIX. (S MIN. 




INSULIN 


INSULIN 


INSUUN 

Anr.s EXExasE) 

Insulin 

Glu. 

I.ac. 

Pyr. 

Glu. 

Iac. 

Pyr. 

Glu. 

Lac. 

Pyr. 

Glu. 

Lac. 

Pyr. 

Diabetic 














J.J. 

30 

1S4 

11,8 

1.28 

182 

14.2 

1.22 

154 

15.6 

1-37 

140 

20.0 

1 .68 

J. R. 

20 

152 

10. 0 

.86 

140 

13.8 

i.oG 

148 

16.0 

t.iS 

139 

21. s 

1.26 

J. T. 

40 

246 

9.9 

I .00 

260 

14.0 

1.42 

237 

21.6 

i.oS 

229 

23-5 

1. 12 

M. E.* 

60 

294 

II -5 

1.38 

270 

21.8 

1.76 

246 

21.8 

1.S3 

240 

26.7 

1.84 

L. E.* 

60 

296 

15-4 

1.30 

252 

17.8 

1.90 

234 


I. So 

211 

36-5 

2.14 

R.S. 

40 

220 

10,0 

1. 17 

150 

12.4 

1.66 

116 


1-52 

66 

20.4 

r.72 

J. B.* 

40 

242 

IS.6 

1.34 

20S 

18.4 

1.84 

177 

16. 8 

1*37 

160 

19.0 

1.48 

Average. . 


233 

12. 1 

1. 19 

209 

16.0 

I-S 5 

187 

XT . 6 

r -45 

169 

24.0 

r. 6 i 


Effect of Insulin on Glucose, Lactic Acid and Pyruvic Acid Levels. In order to 
learn whether the administration of insulin to diabetic patients produces a metabolic 
condition approximating the normal, two e.xperiments were planned to distinguish 
between the effect of insulin alone and the effects of insulin plus glucose ingestion. 
In the first experiment (table 3) insulin was given immediately after basal blood 
samples were drawn and the glucose, lactate and pyruvate blood concentrations de- 
termined. Samples for analyses were also drawn 30 minutes later, and 5 minutes 
after the i-minute stair climbing test. No change in lactate and pyruvate was noted 
30 minutes after insulin injection and the response to exercise was similar to that pre- 
viously obtained without insulin. Since no response was obtained in 30 minutes 
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with the dose of insulin used and, since it is important to evaluate the question dis- 
cussed by Klein (5) regarding the ability of insulin to raise lactic and pyruvic acid 
levels without the addition of glucose, anotlier experiment was conducted. In this 
case the insulin dose was doubled on the same patients and the exercise was not 
applied until go minutes after the insulin injections. Again no conclusive change was 
noted in 30 minutes but a definite rise was obtained at 60 and 90 minutes, accom- 
panied by a fall in blood sugar levels. This is definite evidence that insuhn per se 
in the diabetic will cause an increase in the lactic and pyruvic acid blood levels. The 
response to exercise appears the same in the presence of insulin as without insulin 
(compare table i). 

Another series of experiments (table 4) studied the combined effects of insulin 
and glucose ingestion. When insulin was given one-half hour after glucose, there was 
a definite rise of the lactic and pyruvic acid levels within 30 minutes. This response 
indicates that in the presence of insulin the lactate and pyruvate rise following glucose 
ingestion in the diabetic subject is accelerated (compare with fig. i and table 3), 
When insulin was given simultaneously with the glucose, a similar response was ob- 
tained. The effect of insulin action on the levels of lactic and pyruvic acid following 
exercise and glucose was not different from the postexercise effects obtained with 
glucose but without insulin (compare with table 2). 

DISCUSSION 

The demonstration that the diabetic patient has little if any increase in blood 
lactic and pyruvic acid during the first hour following glucose ingestion confirms the 
report of Bueding, Wortis and Fein (4) who studied pyruvate changes. The delayed 
rise in lactic and pyruvic acid described by Klein (5) was also observed in our experi- 
ments. This rise is not less than that obtained with non-diabetic subjects with 
average glucose tolerance curves (fig. i) except that the peak is obtained in the 
vicinity of 120 minutes instead of 60 minutes after glucose ingestion. The main 
difference in lactate and pyruvate response between diabetic and non-diabetic sub- 
jects is in the ratio between the glucose and the lactate or pyruvate concentrations 
obtained. The high glucose-time curves seen in alimentary h3q)erglycemia (i), or 
cardiovascular disorders, are accompanied by proportionately larger increases in 
lactate and pyruvate and are therefore distinguishable from the curves of the resting 
diabetic in whom the lactic and pyruvic acid concentrations never approach the 
relative heights of the glucose. 

The ability of the diabetic to convert carbohydrate to lactic and pyruvic acid 
by muscular work is apparently unimpaired. The high lactic and pyruvic acid levels 
obtained after exercise are as high as those which would be realized if a non-diabetic 
with a very high blood sugar were given the same mild exercise (i, 7). Since a moder- 
ate degree of activity, such as the stair climbing test, is a part of normal living, it is 
clear that the uncontrolled diabetic is functioning for a large proportion of his waking 
hours with abnormally high levels of lactic and p}a^uvic acid in the blood. Even 
many controlled diabetics who have been adjusted to blood sugar levels of 160 to 
200 mg. per cent would be expected to have prolonged abnormal levels of lactate and 
pyruvate, especially following mild exertion after meals. Whether or not these high 
levels have anything to do with the pathogenesis of the neurological and vascular 
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lesions found in diabetes mcllilus is not known but they should be further evaluated 
in making future decisions on the management of the diabetic. Though the high 
levels of lactate and pyruvate found in thiamine deficiency iiavc been correlated with 
the neurological changes which occur (i, 7), no direct cause and effect relationships 
have, JUS yet, been proved. 

Interpretation of the data in this paper is simplified if one accepts the h>'polh- 


Tablk 4- Errr.cr of insuuk and cr,ucosr. ixckstiok on' ntoon otveose, mctic and I'yEirvic 

Acans iiF.FORr. axo after j:x;:Rcrsf: 






PAStL trVTW 

trx ct?rt 

Co mu. ArTT.% 
outcast 

jftK. Am.* 
CLCCOSE (5 mu. 
ATTZZ rxztast) 

Ar.e-»« 

units at 

30 mtn. 
after »:!u. 
inRcstlon 



Pyr. 

Glu. 

I. 3 C. 

Pyr. 

Glu. 

! 

Lsc. 

Vyj. 

Diabetic 













J.J. 

67 


rS 

262 

rj.o 

1.12 

4:6 

13.7 

1 . 38 

460 

20,6 

1 . 54 

J.M. 

81 

cT 

10 

20S 

11.9 

l.lO 

400 

17.7 

1.44 

39S 

30.3 

1.78 

j. r. 

62 

d' 

20 

2.tO 

9.2 

1.04 

38S 

12,6 

1 . iS 

370 

20.2 

1.62 

J.R. 

57 

d 

10 

190 

12.9 

1.00 

318 

13-2 

i.oS 

346 

25.8 

1.36 

T.U. 

53 

d 

10 

1S2 

S .9 

1. 10 

360 

12.9 

1.36 

356 

23.1 

1.66 

R.S. 

39 

9 

20 

232 

7-5 

.90 

40S 

12.9 

1,10 

394 

21.6 

1.44 

M. E.* 

59 

9 

30 

298 

IS. I 

1.18 

522 

26.0 

1.74 

SiS 

41.0 

2.62 

EE.* 

6g 

P 

30 

320 

17.7 

1.32 

440 

33.0 

1.60 

440 

40.0 

2.10 

S.S.* 

57 

9 

20 

244 

19,0 

1-33 

372 

23.5 

1.54 

376 

42.5 

2.28 

J. B.* 

51 

9 

35 

280 

12.4 

i.rS 

470 

10.6 

1. 54 

460 

23.1 

1.52 

Avemre 




246 

12.8 

1.13 

410 


1.30 

412 

28. 8 

1.79 






Insulin 

with 

glucose 

■ 


■ 







J.J. 



IS 

283 

II. 2 

1.22 

402 

16.0 

r.6o 

400 

21.6 

1. 84 

J.M. 



ro 

188 

9.9 

I .00 

324 

17.0 

1.85 

540 

36.6 

2.54 

J. T. 



20 

248 

11.7 

1.30 

30S 

15.4 

1.40 

30S 

24.0 

1.74 

J.R. 



10 

176 

1*1 

.98 

296 

9.9 

1.00 

300 

23.4 

1.42 

T.n. 



10 

182 

II. S 

1.34 

30S 

16. s 

1. 82 

314 

31.2 

2 .S 4 

R. S. 



20 

216 

8.7 

.80 

344 

II. 7 

•95 

336 

22.3 

1.76 

M. B.* 



30 

304 

15-6 

1.40 




540 

39-0 

2.78 

L.E.* 



30 

32S 

16.6 

1.30 

416 

21. 1 

1.74 

406 

4S.4 

2.54 

S.S.* 



20 

268 

10.8 

.88 

328 

22.2 

2.00 

332 

45-3 

2.40 

J.B.* 



25 

316 

16.5 

1.40 

492 

18.9 

1.44 

442 

2S.0 

1. 78 



. - . . . 


251 

12,0 

1.16 

358 

16.S 

1*53 

372 

32.0 

2.13 






esis that insulin is not required in the breakdown of carbohydrate for muscle work. 
The need for insulin ia the glucose<-^^liver glycogen sj'stem which is active even 
when the individual is at rest is currently an accepted fact with which these results 
do not conflict. The separate consideration of carbohydrate metabolism data, ob- 
tained when the organism is at rest from those obtained during muscular work, might 
help to clarify conflicting reports on the mode of insulin action. Comparison of 
glucose to lactic and pyruvic acid reactions obtained in the mammal with those ob- 
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tained in in vitro experiments are best postponed until there is clarification of the 
variations reported with different tissue preparations (9). 

SUMMARY 

The effect of glucose ingestion on levels of blood lactic and pyruvic acid in dia- 
betic and non-diabetic subjects has been compared. The diabetic has a delayed rise in 
the levels of lactic acid and pyruvic acid. Comparison of alimentary hyperglycemia 
with diabetes mellitus indicates that the resting non-diabetic has a more rapid lactate 
and pyruvate response to glucose ingestion than the resting diabetic, who does not 
accumulate as much lactate and pyruvate in the blood even though his glucose load 
is much higher than subjects with alimentary hyperglycemia. This difference is 
especially large during the first hour after glucose ingestion since the diabetic ex- 
hibits a marked delay in the rise in lactic and pyruvic acids which normally occurs 
following glucose ingestion. The use of this fact provides a possible means of dis- 
tinguishing between functional hyperglycemia and true diabetes mellitus. 

The lactate and pyruvate response to exercise is apparently normal in the dia- 
betic. The prompt rise obtained when carbohydrate is utilized during muscular work 
contrasts with the lag obtained when glucose is ingested in the absence of exercise. 
Since high glucose levels increase the response to exercise, the uncontrolled diabetic 
shows proportionately higher levels of lactic and pyruvic acids after mild exertion. 

The lactate and pyruvate response to exercise is not altered by the action of 
insulin. Insulin injection in the fasting diabetic has little if any effect on lactate and 
pyruvate levels in 30 minutes but causes a rise in 60 minutes. Insulin in conjunction 
with glucose ingestion shows greater apparent activity, as indicated by an increase 
of lactate and pyruvate in 30 minutes after insulin despite the lower glucose level. 

Since the average diabetic is maintained at a higher than normal blood glucose 
level and since his normal activities includes exertions which are greater than the mild 
exercise test herein described, it may be concluded that many diabetics exist, during 
many of their waking hours with pathological high levels of lactic and pyruvic acids. 

The data presented are consistent with the concept that insulin is involved in the 
conversion of glucose to lactic and pyruvic acids, but only when the individual is at 
rest. The amounts of lactic and pyruvic acids found in the blood after mild exercise 
are, as in the non-diabetic, proportional to the blood glucose, so that one may con- 
clude that insulin is not necessary to convert carbohydrate to lactate and pyruvate 
during exercise. 
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INCIDENXE, CONTROL AND REGRESSION OF DIABETIC 
SYISIPTOMS IN THl!: ALLOXAN-TR]* ATJCD RAT 


G. A, WRENSHALL, JEAN COLLINS-WILLIAMS and W. S. HARTROIT 
From the Boutin cud Bat Deportment of Medical Research, University oj Toronto 


TORONTO, CANADA 

I N A pilot experiment in this lahor.Ttot>% a spontaneous regression in the severity 
of diabetes as measured by tlte amount of glucose excreted daily in the urine 
has been obscr\'cd in each of lo rats rendered diabetic by alloxan, and main- 
tained thereafter on a fixed amount of a stock diet. At the end of the fifth week 
after alloxan injection, carbohydrate retention had returned to normal in half of the 
survivors, and in the other lialf liad fallen to an equilibrium value. A renewed ex- 
cretion of urinarj' glucose was produced and observed for 1 2 weeks in 4 of the com- 
pletely recovered animals by the administration of a second similar dose of alloxan. 
In this paper we \noposc to describe these results verj' briefly, and those of other 
e.\periments designed to stud}' the relation of insulin to this type of diabetes. 


EXPERIMENT A 

Materials and Methods. Seventeen feni.ilc Wistar rats, having uniform initial i)ody weights 
(176^:22 gtn.), received 200 mg/kg. of alloxan monohydrate’ in a single subcutaneous injection 
following a 48-hour fast, according to the method of Knss and Waisbren (2). The am’mals were then 
placed in individual screen-bottomed metabolism cages set over large waxed funnels permitting 
quantitative collection of urine under toluene. Samples were removed daily and stored at refrigera- 
tor temperature in Erlcnmcycr flasks. The total volume of urine and rinse water collected per week 
from each rat was them measured and the concentration of redudng substances determined quantita- 
tively by a modification of the Miller-Van Slyke method for blood sugar (3). The reducing sub- 
stances were shown by periodic yeast fermentation tests to be over pp per cent glucose; therefore the 
rate of excretion of these substances is expressed as grams of glucose per week. 

Throughout the entire period of observation, each animal was offered 14.0 grams of ground 
Purina Fox Chow- each day in an anchored food bin. As this procedure was found in preliminary 
trials to result in negligible scatter, the amount consumed per day was taken as the difference be- 
tween the amount offered and the residue. Tlic food offered was usually entirely consumed. 

Initially the pancreases were fixed by intravascular perfusion of the anesthetized animal with 
Helly’s fluid (Zenker solution witii 5% neutral formalin in place of glacial acetic acid). More con- 
sistent results were obtained by immersing the tissues for 48 hours in Bouin’s solution prepared with 
3 per cent trichloracetic acid in place of the usualb’ employed gladal acetic.* This latter method was 
used for the majority of the tissues. Dehydration and clearing were carried out in 10 changes of 
dioxanc over a period of 16 hours.^ Infiltration with tissue-mat* was effected in a vacuum oven (20 

Received for publication September 21, ip48. 

‘ The alloxan preparation used in this series of e.xperiments was obtained from the Eastman 
Kodak Company, Rochester, N. Y. It was found to be pure alloxan on the basis of the titrimetric 
method of Arcliibald (i). 

" According to a statement obtained from Uic manufacturers, this feed contains 54% carbo- 
hydrate, 4% fat and 20% protein. 

* Suggested by Prof. L. C. Simard, University of Montreal, Montreal, Canada. 

^ Using the Autotechnicon, Technicon Company, New York City. 

* Fisher Scientific Company. 
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inches of water below atmospheric pressure) at s8°C., passing the tissues through five changes over 
a period of 8 hours. Three micra sections were routinely cut, taking care not to allow them to float 
on water sufficiently long while mounting that the j-ellow color due to the picric acid content faded. 
Satisfactory differential staining of the islet cells could not be obtained if the sections did not still 
retain the yellow color before staining. Haematoxylin and eosin, azocarmine, anilin-blue and orange- 
G, and Bowie’s stains were performed on sections from each block. In the course of this latter 
staining procedure it was found absolutely essential that the section be blotted as uniformly dry as 
possible. Othen\’ise the removal of an}' water remaining in the section by absolute alcohol or acetone 
resulted in the simultaneous removal of too much stain, frequently in an irregular fashion. Gomori’s 
chromium haematoxylin and phloxine method was also employed in selected cases. This combina- 
tion of stains not only enabled the alpha cells to be sharply differentiated from the beta cells, but also 
made possible the estimation of the approximate number of granules present in the latter. 

Results. Under the fixed conditions described above, a sustained decrease in 
the severity of the diabetes, as measured by the quantity of glucose excreted per week 
in the urine, was observed in each of the surviving diabetic animals (table i). This 
improvement was most rapid during the first weeks after alloxan, and resulted in 
an almost complete disappearance of glucose from the urine in 5 (29%) of the rats, 
and in a less pronounced regression in another 5. Of the remaining animals, one 
(6%) died within the first week after alloxan, and the remaining 6 (36%) exhibited 
little or no glycosuria. This last group of animals was not studied beyond the 
second week. 

The fasting blood sugar levels of the 5 rats which remained glycosuric 10 to 12 
weeks after the alloxan treatment (nos. 4, 5, 7, 10 and 13) were determined after a 
one-day fast, after which they were anesthetized with sodium amytal and their 
pancreases removed (4). The pancreases of 2 of these rats (nos. 10 and 13) were 
fixed for histological examination, while those of the remaining 3 were pooled and 
extracted by the method of Scott and Fisher (5) for estimation of their insulin con- 
tent, using a mouse convulsion method (4). 

The average fasting blood sugar level in these animals at time of death was sig- 
nificantly higher than the average for fasting normal female rats of the same weight 
and under similar treatment (195 ± 24 mg. % as compared with 84 ± 2 mg. %), 
confirming the conclusion, based on measurements of urinary glucose excretion, that 
these animals were diabetic. The average insulin content of pancreas of the 3 rats 
in this group was found to be 0.14 u per rat, a value less than 5 per cent of that ob- 
served in this laboratory in normal rats of the same sex and equivalent weight main- 
tained on the same ration and killed after a 24-hour fast. 

With the haematoxylin and eosin stain neither islet nor acinar tissue showed 
obvious deviations from normal in either of the 2 animals examined, except that islet 
tissue was difficult to find. No increase in connective tissue within the islets was 
seen, using the Masson stain. . Cells near the periphery of such islets were identified 
as alpha cells, using both Masson and Bowie stains, and on comparison with normal 
animals the alloxan diabetic animals showed a distinct increase in the proportion of 
alpha cells to the total number of islet cells. Centrally located cells in these islets 
stained poorly as compared with the response of similarly located (beta) cells in the 
islets of normal rat pancreas. 

The 5 rats which had shown a transient glycosuria were each given a second sub- 
cutaneous dose of alloxan, equal in magnitude to the first, at 9 to ii weeks after the 
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initial one. The weekly excretion of glucose in the urine was followed for each ani- 
mal through an additional period of 12 weeks, or until the death of the animal. 
Throughout this time the same ration was provided as during the period of observa- 
tion following the first dose of alloxan. In each of these animals, except no. 14, 
which died shortly after the second alloxan treatment, there was a return of sustained 
and pronounced glycosuria within the period of observation (table i), indicating that 
the second dose of alloxan had again been effective in reducing the ability of these 
animals to metabolize carbohydrate in a normal fashion. 

EXPERIMENT B 

Experiment B represents an extension of obsen^ations already published (6) 
concerning the changes in insulin content of rat pancreas during the first two days 
after aUoxan, and observations on the effect of exogenous insulin on the excretion 
of glucose in the urine by rats with severe and sustained alloxan diabetes. 

Materials and Methods. Seventy-four mature Wistar rats of both sexes were sorted into 8 
groups, each having approximately the same initial weight distribution and average weight, 240 
grams/rat. Animals in five of the groups received subcutaneous injections of 350 mg/kg. of alloxan 
distributed between four equal doses, administered at 15-minute intervals following a 24-hour fast. 
The remaining groups, serving as controls, received no alloxan. All groups killed within the 48 
hours following administration of the alloxan were fasted during the period of their survival. 

Groups of rats were totally depancreatized under sodium amytal anesthesia at the times in- 
dicated in table 2. The pancreas of each animal in a given group was deposited immediately after 
removal in a single container of acid alcohol, and the insulin determined as in Experiment A . 

One group of the alloxan-treated animals and one of the normal controls were allowed to sur- 
vive through a period of 72 days after alloxan injection. These rats were kept in individual meta- 
bolism cages, the normal controls being fed on the following day the same average amount of ground 
Purina Fox Chow as that wliich the alloxan-treated group consumed on a given day. Pancreases 
were removed for insulin content determinations following the procedure used in the earlier studies. 

In order to determine the action of insulin on the excretion of urinary glucose in the alloxan- 
diabetic rats, a group of 4 adult Wistar rats, selected because of the severity of their alloxan diabetes 
of approximately two months’ standing, were maintained in individual metabolism cages equipped to 
permit collection of 24-hour urine samples. Each animal was offered a ration of 13.0 gm. of ground 
Purina Fox Chow per day. A standard dose of 0.80 tr of protamine zinc insulin was administered 
subcutaneously from a micrometer syringe to each rat once a day through seven-day periods. These 
periods were alternated with ones of equal length during which the dose was reduced to 0.40 tr, but 
with other treatment remaining the same. The total excretion of reducing substances in the urine 
was measured daily for each rat over a period of several weeks. 

' Restills. The observations illustrated in figure demonstrate that within a 
period of 48 hours following the administration of alloxan the insulin content of 
pancreas falls progressively to a very low level (4.3 % of normal in the present case). 
That this fall is largely a result of the action of alloxan is confirmed by a comparison 
of the insulin contents of the alloxan-treated and control groups at 37.5 and 38.5 
hours, respectively, after the time of alloxan administration. While the insulin 
content of pancreas in the alloxan-treated group 72 days after alloxan administration 
is still well below that of the control group (table 2), it is more than four times as 

' The results shown in fig. i include previously published figures (6) obtained from a group of 
similar animals subjected to the same treatment. We are grateful to Dr. J. H. Ridout for her con- 
tinued collaboration during the course of this experiment. 
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large as (hat obscrx'ccl in the .iR-hour group, suggesting that some increase in insulin 
content of ])ancre:is may have occurred heuveen the 2cl and 72d day after allo.xan. 



Table 2. Insulin- content of iuvt pancreas as a function of time after 

SUBCUTANEOUS INJECTION OF 35O MG/KG. OF ALLOXAN (eXPERI.\IENT B) 


TREATifE.VT 

KO. or RATS 

IN CROUP 

Tiiin Airr.R 
ALLOXAN 

INSULIN (U/CSOOP 
or 10 R.\TS) 


Control 

6 

0.0 hours 

19.0 

132 

Alloxan 

7 

10.7 “ 

14.0 

132 

Alloxan 

9 

17.0 “ 

I 3 -S 

132 

Alloxan 

12 

25-5 

4-7 

120 

Alloxan 

13 

37-5 

3-5 

120 

1 

Control 

6 

38.5 “ 

iS-i 

120 

Control 

S 

72 days 

9.6 

132 

Alloxan 

16 

72 

3-9 

167 


The effect of insulin on the excretion of glucose in the urine of the 4 rats with 
severe alloxan diabetes of several weeks’ duration is illustrated in figure 2. It is 
seen that those periods in which the daily dose of insulin is increased are in every case 
associated with periods of decreased excretion of glucose in the urine, and vice versa, 
with a one-day phase lag between therapy and measured response. 
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Throughout the period of treatment with insulin these rats were voracious, often 
consuming their entire day’s ration as soon as it was offered. Daily food consump- 
tion records show that tlie dietary intake of these animals was the same in periods of 
reduced insulin injection as in those where tlie full dose was given. 

EXPERIMENT C 

This experiment was designed to observe concurrent long-term changes in body 
weight, urinary glucose excretion, fasting blood sugar levels and the histology and 
insulin content of pancreas in strictly comparable groups of rats treated with alloxan 
and subsequently rigidly maintained on a fixed diet. 

Materials and Methods. Seventy-two mature female Wistar rats having a restricted range of 
body weights (i97±7 gm.) were divided into groups which were made comparable on a basis of 
weight distribution. These groups received the treatments outlined in table 3. A dose of 200 
mg/kg. of alloxan was administered subcutaneously to all but the control animals following a 48-hour 
fast. The survivors were placed in individual metabolism cages and were provided with a daily 
ration of 14.0 gm. of ground Purina Fox Chow per animal. 

At time of death an anesthetic dose of sodium amytal was administered and the abdomen and 
thorax opened. A sample of cardiac blood was removed to determine blood sugar concentration, 
and the animal was then . totally depancreatized. The pancreas was dropped immediately into a 
container of acid alcohol, one for each group of rats, and minced with scissors as a first step in insulin 
extraction. The pancreases of two representative^ am’mals from each group were 6xed in Zenker- 
formol solution for histological examination. 

Body weights and total glucose excreted in the urine were measured each week for surviving 
groups, the rats in each control group being fed the same average weight of ration as was consumed 
the day before by the rats in the corresponding experimental group. The entire ration offered each 
day was consumed after the first week following alloxan injection (figure 3). During the seventh 
and eighth weeks of the e.xperiment the normal animals of control Group IV a were maintained in 
metabolism cages, and their total weekly urine samples collected and analyzed quantitatively for 
their content of reducing substances. When expressed as grams of glucose per week, these values 
were found to be effectively constant, and the same in magnitude for different rats in the group. 
They were found to represent approximately 0.77=110.13 per cent of the total reducing substances ex- 
creted in the urine of the alloxan diabetic rats in Group IVb during the same period. 

Since some of the estimations of insulin content of pancreas were made on smali 
groups in which the amount was known to be low, it was found necessary to devise 
a semi-micro method to obtain this information. The fall in blood sugar concentra- 
tion in fasting mice following injection with insulin was used as an index. The Mil- 
ler-Van Slyke micro method of blood sugar measurement (3) was employed, o.io cc. 
of blood being withdrawn into a dried heparinized pipette from the tip of the freshly- 
sectioned tail of each mouse one hour after subcutaneous injection of 0.25 cc. of a 
solution of an unknown insulin made up in isotonic acid saline (^H 2.5). The group- 
average blood sugar concentration was compared with that of a similar group of mice 
each injected with an equal volume of similarly prepared standard insulin of com- 
mensurate concentration, and with a third group injected with the acid saline alone. 
The potencies of the insulin solutions were measured in terms of the differences in 
blood sugar level existing betw^een the average for the saline group and those for the 

’ Animals whose pre-existing urinar}’^ glucose excretion corresponded approximately with the 
group average were selected as being representative specimens for histological study. 
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insulin-treated groups, each referred to a separately-determined curve for mice re- 
lating blood sugar response to insulin dosage. A week after such a test a second one 
was performed in which the groups which had received the unknown and standard 
insulins were interchanged. In all groups for which a sufficient sujiply of extracted 
insulin was available, assays were made hy the mouse convulsion method, as well as 
by the above procedure. The insulin concentrations obtained by the two methods 
of assay were found to differ by less than i6 per cent in four different solutions tested. 

In order to provide a biometrical basis for assessment of the significance of 
differences in insulin content of pancreas determinations as measured in Experiment 
C, a supplementary c.xpcrimcnt was made in which 50 female Wistar rats of 164 ± 
13 gm. initial body weight per rat were subdivided into five groups of 10 rats each. 
Four of these groups were injected subcutaneously with 200 mg/kg. of allox-an after 
a 48-liour fast. These groups were dcpancreatizcd 48 hours later, following the 



Fig. 2 . Epfect of protamine-zinc in.sulin on glycosuria of alloxan-diabetic rats on fixed 
diet {Experiment B). Alternating levels of insulin dose arc shown in black beneath the time a-xis. 

same treatment and procedure as used in Experiment C, and the insulin content of 
pancreas determined by groups using the mouse methods of assay referred to above. 
It is seen that the average insulin content of pancreas, when measured under the 
conditions described, amounts to 0.63 u/group of 10 rats with a standard deviation 
of 0.28 u/io rats. The small amount of insulin present in this group of pancreases 
made the measurement of insulin content more difficult than for any other attempted. 
For this reason the standard deviation for other groups containing the same number 
of animals is undoubtedly less than that observed here. When compared with the 
value of 12.0 u/group of 10 rats in the normal controls, it is seen that the value 48 
hours after alloxan represents 5.3 =t 1.4 per cent of normal. 

Results. Average trends in metabolic factors for the long-term subgroups of 
animals in Experiment C are illustrated in figure 3. Statistically significant differ- 
ences in trends of glucose excretion with time are consistently observed after alloxan 
injection in Groups Illh, IIIc, and IVb, justifying the procedure used in subdividing 
the alloxanized animals into these groups. 


January iq4Q 


ALLOXAN DIABETES IN THE RAT 


107 


These trends correspond with those reported in Experiment A for alloxan-treated 
rats maintained under similarly controlled conditions. In both experiments the 
animals surviving for more than one week showed either a sustained and pronounced 
glycosuria, a transient glycosuria, or were aglycosuric. The number of surviving 
aUoxan-treated animals falling into each of these classifications in Experiment C is 
shown in table 3. The proportion of animals falling in each subdivision is similar 



" TIME AFTER ALUOXAN (WEEKS) 


Fig. 3. Long-term trends in body weight and rate of glucose excretion compared with 
dietary intake in groups of alloxan-treated and control rats {Experiment C). 

to that described earlier for Experiment A. In both experiments there was a pro- 
gressive improvement in the carbohydrate retention of all glycosuric animals during 
several weeks, a condition of relatively constant glycosuria or of aglycosuria being 
approached as3miptoticaUy in most cases. The amount of glucose excreted per rat 
per week in the days immediately following alloxan administration is larger in the 
groups which showed sustained glycosuria than in the corresponding groups with 
transient glycosuria. 

The weekly consumption of dry ration in Experiment C was commensurate at 
all times for all groups (figure 3). Hence changes in body weight should be related 
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to the corresponding values of urinary glucose excretion. Tliat such relations exist 
is supported not only by the cfTectivcly constant and equal gains of weight by the 
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The division of the alloxan-treated animals among the groups marked with an asterisk was 
based on the pattern of change in urinary glucose excretion followed in each animal during the first 
4 weeks of observation. 


Table 4. Corresponding values of fasting blood sugar LEa^ELs and insuli-n* content of 
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Groups marked with an asterisk are those in whicli insulin content of pancreas %vas determined 
by the mouse blood sugar method alone. In most of the other groups 200 mice were used in mouse 
convulsion assays of each unknoavn. 


aglycosuric and control groups of animals, but in particular by the relation between 
glucose excretion and change in body weight of Group IVb animals relative to their 
controls of Group IV a. 
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The insulin content of pancreas and fasting blood sugar values for the various 
groups described in table 3 are presented in table 4. A pronounced difference be- 
tween the insulin content of pancreas of experimental and control groups is found to 
exist in every case where the fasting blood sugar of the experimental animals is 
elevated, or where there has been even a transient glycosuria. In some cases the 
standard dose of alloxan used produced no signs of diabetes (Group I lie), but there 
was histological evidence of lasting damage to the islets of Langerhans and a sub- 
normal insulin content of pancreas 30 days after alloxan administration. 

In normal control animals a peripheral shell of alpha cells was found nearly to 
encompass a larger volume of beta cells (fig. 5/!). Forty-eight hours after alloxan 
administration the onl}^ islet tissue which appeared to be intact consisted of alpha 



INSULIN CONTENT OF PANCREAS: '/.of value in correiponding control group 

Fig. 4. Relation between insulin content of pancreas and blood sugar in fasted normal 
and alloxan-treated rats {Experiment C). 

cells. Beta cells were clearly undergoing structural collapse and disintegration. 
Breakdown and removal of this central tissue produced what appeared to be a 
diminution in the average size of the islets. Some surviving beta cells were observed 
in pancreatic sections from representative animals in groups killed at 30 days which 
had shown transient gtycosuria or were aglycosuric following alloxan injection (fig. 
SB). The cytoplasm of these cells was reduced in volume and showed reduced 
granulation when compared with the beta cells of the normal controls. No his- 
tological difference was detected in the beta cells of either the aglycosuric or transi- 
ently glycosuric group, nor were mitotic figures seen. 

In contrast to this the islet tissue of rats from Group IVb killed 72 days after 
alloxan was composed almost entirely of alpha cells. There is no evidence that the 
absolute number of these per islet had increased above that found in the normal 
controls. 
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'rhe rcBuUs <jf ExperimaU A indicate that a i)eri()(l of partial or complete regres- 
sion of urinary glucose excretion will occur in rats with recently-induced alloxan 
diabetes when maintained on a certain constant <iiel. In those animals in which 
the glycosuria was transient, the rate of glucose excretion can he represented mod- 
erately well as an exponential function of the lime, the magnitude of the urinary 
glucose excretion rate falling to half-value in approximately six days in rats i, 2, 
and ry, and in a little more than two daj's in rat jO. 



Fig. 5.-I (Irfl). PAUArnN skction isu) of jKincrcas of a normal rat. stained Ijy McGregor’s 
method (a/.o carmine, anilin Itliie and orange-G) following fi.xation with Bouin solution; X 700. 
By this mcltiod the granules of the licta cells stain Idue, and those of the alpha cells red. A por- 
tion of an islet of average size is sltown, Note llic relative numl)ers of the two U-])es (l)cta cell 
granules apjtear dark, alpha cell granules pale) and the jicriplierai position of the aii)ha cells. B. 
{riRhl). A prcp.aration similar to that shown in .1, but from the jtancrcas of a rat killed 30 d.ays 
after sultcutancous injection of 200 mg/kg. of alloxan. This animal showed only a transient 
gU'cosuria. The insulin content of pancreases from similar animals was iq. 8% of that in the corre- 
sponding control group. The arrow indicates a few jtersisting beta cells (dark). 

The speculation of Burn, Lewis and Kelsey (7), that periods on a high fat diet 
might have been responsible for the regression of glycosuria observed in their e,x- 
periments, is of great interest. While the diet used in the present experiments is 
limited in amount, it is definitely low in fat and liigh in carbohydrate content, and 
was fed continuously. The significance of the patterns of recovery from alloxan 
diabetes rats, reported by several groups of experimenters, is obscured by lack of 
information on quantity of food ingested. 

Janes and Prosser (8) found that alloxan-diabetic rats with long-standing gly- 
cosuria failed to become sugar-free when placed on high fat diets, although such a 
restriction was effective when the alloxan diabetes was of recent origin (7). In a 
series of obserx^ations on alloxan-diabetic adult rats which had been provided wth 
Purina Fox Chow ad libitum for approximate^ two months we found no phase of 
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reduction in the total daily excretion of urinary glucose, such as is reported in this 
paper, when the ration was subsequently restricted to 13.0 gm/animal/day. The 
potential improvement in carbohydrate metabolism therefore appears to be limited 
to the first few weeks following alloxan administration. 

The results of Experiment B show that the damage produced in the rat by alloxan 
is so rapid and extensive that the insulin remaining in the pancreas after 48 hours 
amounts to less than 10 per cent of the original depot. There is now reason to be- 
lieve that the insulin content of pancreas at 48 hours in the alloxan-treated rat repre- 
sents a fairly close approach to the minimum level through which it has been found 
to pass in this experiment and in C. Lazarow and Palay (9), and Cantor, Tuba 
and Capsey (10) have found that the 48-hour blood sugar level in the rat given single 
intravenous or subcutaneous doses of alloxan generally corresponds well with values 
measured during immediately succeeding days. Therefore, if the fasting blood sugar 
level in the rat can be expressed as a function of the insulin content of pancreas, as 
is indicated in figure 4, the insulin content at 48 hours does not differ significantly 
from the minimum level through which it passes after alloxan administration. 

The relation between insulin content of pancreas and fasting blood sugar level 
in Experiment C is of interest in relation to a study made by Foglia (ii) who observed 
that rats with 95 per cent of their pancreas removed developed diabetes only after 
several months. If it be assumed for the moment that insulin is uniformly dis- 
tributed throughout the rat pancreas, Foglia ’s figure for the insulin content of pan- 
creas at which diabetes becomes manifest appears to be somewhat lower than that 
indicated by our data, although both figures are of the same order of magnitude. 
Factors which might be responsible for the apparent difference would, on the one 
hand, include difficulties in measuring precisely the fraction of islet tissue originally 
present which was removed by partial pancreatectomy. On the other hand the 
presence of the exocrine pancreatic tissue has been shown to increase the insulin 
requirement of the alloxan-diabetic dog or that of the same animals with pancreatic 
ducts tied off above that observed in these animals after pancreatectomy (12-14). 
On this basis a difference in magnitude in the critical value of the insulin content of 
pancreas at which control of the fasting blood sugar is lost is to be expected. The 
results of Foglia’s experiments and of ours indicate the existence of a large reserve 
of insulin-producing tissue in the normal rat. 

The increase in insulin content of pancreas from the 4S-hour level of 2,7 per 
cent of that in the corresponding normal control group fed the same ration to 19.8 
per cent of the control value in the rats whose urinary excretion returned to normal 
in Experiment C is by itself suggestive of a restoration of capacity to produce insulin. 
The increase is accompanied by a significant fall in fasting blood sugar from 352 
±35 mg. per cent to 108 ± 7 mg. per cent, by a return toward the control rate of 
increase in body weight, and by a highly significant fall in the excretion of urinary 
glucose. In Group IVb there is an indication of a moderate rise in insulin content 
of pancreas from 2.7 per cent to 7.9 per cent in the course of 72 days, and this is 
accompanied by a correspondingly moderate fall in average fasting blood sugar from 
352 ± 35 mg per cent to 263 zb 37 mg. per cent, and by a slight decrease in excretion 
of glucose in the urine. 
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It has been demonstrated in Experiment B that administered insulin causes a 
reversible reduction in the xirinc sugar excretion liy alloxan-diabetic rats. This ob- 
scr\-ation supports the earlier reports of Shav.--Dunn and IVklvCtchie (15) and of 
Cantor cl ah (10) on the action of crystalline insulin on the blood .sugar level of 
alloxan-diabetic rats. Hence the above observation of a spontaneous regression of 
urinar)' glucose c.xcretion occurring coincidentally v.-ith an increase in insulin content 
of pancreas and a return toward normal fasting blood sugar levels suggests strongly 
that an increased rate of formation and release of insulin by the pancreas is the 
factor producing the regression. Such an interpretation is in full agreement with 
the basic principles upon which measurement of turnover rates are based, since 
the magnitude of the depot of material which is being turned over is one of two fac- 
tors, the product of which equals tlic turnover rate (16). .A more direct study of 
the turnover rate of insulin in pancreas is, of course, not as 3'et possible. 

The histological observations of Experiments A and C are, broadly speaking, in 
agreement with those reported by Janes (17). The fact that the animals studied 
in his e.xperimcnts were allowed to feed ad libitum while ours were not, adds an in- 
teresting variation to tlie study of the regression of alloxan diabetes in rats. The 
histological data support the view that the beta cells represent the component of 
the islets of Langerhans whose function is to produce insulin. These cells were 
severely necrosed by the alloxan at 48 hours, were found to be present in those 
alloxan-treated groups which retained or regained the condition of aglj'cosuria within 
30 days, and appeared to be effectively absent from the group with sustained 
glycosuria when killed at 72 days. Furthermore, the degree to which recognizable 
beta cells were obserx'cd to be present in the islets of Langerhans corresponded on 
a qualitative basis with the insulin content of pancreas in the different groups. 

A description of tlie mechanism bj'’ which restoration of the insulin content of 
pancreas and of the ability to utilize ingested carbohv'drate occur in the alloxan- 
diabetic rat must await more definite information concerning the life cycle of the 
beta cells of the islets of Langerhans. 


suxauRY 

Within 48 hours after subcutaneous injection of alloxan in diabetogenic doses 
to fasted adult rats, the insulin content of pancreas fell to onlj’’ 2 to 10 per cent of the 
value in the normal controls. 

The following types of response were observed to occur in adult rats receiving 
subcutaneous injections of 200 mg/kg. of alloxan, and subsequently maintained on 
a fixed ration: a) pronounced and sustained glycosuria; b) less pronounced and 
transient glycosuria, disappearing within 4 to 5 weeks following alloxan administra- 
tion; and c) aglycosuria. Subnormal insulin content of pancreas values were found 
to exist in each of these types of animal several weeks after alloxan injection, the 
level being lowest for type a and highest for tjqje c. In all three groups the insulin 
content of pancreas was found to be higher at time of sacrifice than that observed 
at 48 hours after alloxan. Recognizable beta cells witli shrunken cytoplasm were 
observed in the islets of Langerhans of types b and c sacrificed 30 days after alloxan. 
None was identified in the islets of rats of type a sacrificed at 72 days after alloxan. 
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All of the data related to the incidence and regression of symptoms of alloxan 
diabetes in the rat as observed in the preceding experiments would be rationally 
accounted for if the changes in insulin content of pancreas could be taken as a measure 
of insulin turnover rate. 

We are grateful to Professor C. H. Best for his guidance and encouragement, and to Miss Audrey 
Crooks for technical assistance, throughout the course of the experiments reported here. 
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A POSSIBLE ROLE OF THE SKIN IN THE EFFECT OF 
ADRENALIN ON BODY TEIMPERATURE AND 
RESPIRATOR'^' IHETABOLISM 
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From Ihc Dcparlmcnt oj Physiolof^y, UnhcrsUy of Buffalo School of Maliciue 

liUl-FAI-O, NKW VOKK 

A DMINISTILfVnON of adrenalin in physiological dosage to the intact 
/ \ animal invariably leads to increased respiratory metabolism and body 
jL jL temperature, whicli aj)pear v;ithout discoverable dissent to be accepted as 
cause and cfTect, respectively. On the other hand, attempts to demonstrate a calori- 
genic action on isolated tissues have led to results so contradictory as to be com- 
pletely inconclusive. In the face of this, the idea suggested itself that the uniformity 
of result in the intact animal might be due to a simple reversal of sequence: increased 
body temperature due to cutaneous vasoconstriction might be responsible, at least in 
part, for the increase in metabolic rate. As will be shown in what follows this ap- 
pears to be true. 


PROCEDURE 

The experiments were made with fasting cats, anesthetized with dial-urethane 
(Ciba). 0 .xygen consumption was measured in a closed-circuit system from which 
carbon dioxide was removed by soda lime. Body temperature was recorded with a 
rectal thermometer. Freshly prepared adrenalin hydrochloride (Parke Davis) in 
saline was injected intravenously for 5 minutes at the rate of 0.004 mg/min/kg. body 
weight. Oxygen consumption was recorded continuously before, during, and for 
25 minutes following the injection. Rectal temperatures were read each minute. 
Following a normal run, the skin was removed except from the head, feet and tail; 
all denuded parts were covered with vaseline and cotton. Rectal temperature, which 
fell during the operation, was brought back to the previous normal with artificial 
heat; when it and oxygen consumption were stabilized adrenalin was again injected 
and oxygen consumption and rectal temperature recorded as before. 

RESULTS 

The cats fared well throughout the experimental period. Skinning caused little 
loss of blood, and had no apparent effect on pulmonar}’- ventilation, blood pressure, 
pulse rate or the pressor response to adrenalin. In addition, it seemed to have no 
effect on normal oxygen consumption, the average for which, in the period preceding 
injection, was 12.6 in the normal and 12.9 ml/min. in the skinned animals. This 
small difference probably was related to the slightly unequal rectal temperatures 
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which as a consequence of failure exactly to control body temperature with artificial 
heat were 3841 and 3849°C, respectively. 

Figure 1 shows the average results obtained on 14 animals. Oxygen consump- 
tion of the intact animal was increased 7 per cent during the 5-minute injection period 
and 14 per cent during the interval 5 to 15 minutes after injection; at the end of the 
experiment, 25 minutes after injection, it was still 6 per cent above the normal. 
These results gain credence by being almost exact replicas of a previous observation 
of the efltect of the same dosage]of adrenalin (i). 


Fig. I. The averages of 14 deter- 
minations of the effect of adrenalin 
injected intravenously (femoral vein) 
at the rate of 0.004 mg/kg/min. on 
the oxygen consumption and 'rectal 
temperature of dial-urethane anes- 
thetized cats before {solid line) and 
after removal of most of the skin 
{dolled line). 


In the skinned animal oxygen consumption rose only slightly, 4 per cent during 
the 5-minute injection period. The maximum increase, which was only 5 per cent, 
occurred in the lo-minute interval following injection and was followed by a sharp 
fall to 2 per cent below normal 25 minutes after injection. 

As to body temperature, the intact animal showed a rise of o.o3°C. during the 
5-minute injection period; this continued to a maximum of o.ii°C. during the first 
5 minutes after injection and was still o.o8°C. above normal 25 minutes after in- 
jection. 

In contrast, the skinned animal showed an actual fall of temperature, amounting 
to o.o3°C., during the injection period itself. A maximum rise to only o.oi°C. above 
normal occurred during the 5 minutes following the injection. This was succeeded 
by a steady fall, which peristed for the remainder of the experimental period, leading 
to a temperature o.i7°C. below the starting normal 25 minutes after injection. 
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niscussio.v 

Those results appear to substantiate, at least in part, the hypothesis that cutane- 
ous vasoconstriction in the intact animal by reducing loss of heat through the skin 
effects a rise of body (rectal) temperature. This, in turn, v,-ould be expected to in- 
crease the metabolic rate. In the skinned preparation there were no cutaneous ves- 
sels to constrict and so to conserve heat. Therefore if, as seems probable, the vessels 
in the splanchnic viscera were constricted as normally, tire blood supply of the ex- 
posed striated muscles would be increased with the possibility of augmented heat 
loss. This could account for the general reduction, rather than increase, of rectal 
temperature and o.xygen consumiRion in the skinned animals during and after in- 
jection. The source of the small increases which still occurred after skinning are 
being further studied. 


SUIBIARV 

A skinned animal preparation is described which appears to be new and which 
may be useful in subsequent investigations. In this work the caiorigenic response to 
adrenalin shown by intact cats is found to be reduced after the removal of the skin. 
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EXPERIMENTAL PRODUCTION OF ELECTRICAL 
MAJOR CONVULSIVE PATTERNS 
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From the Medical Division, Army Chemical Center 
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E pilepsy was described carefully in the writings of Hippocrates (i) and 
studied in the days of the Renaissance by Paracelsus, who suggested chemical 
anticonvulsant remedies. Modern investigation however began with Hugh- 
lings Jackson’s neurological analysis (2) and the biochemical approach is still more 
recent. Thus, the study of -pK changes, the inhalation of CO2 and the water and 
electrolytic variations have contributed to our knowledge of these disorders. In the 
field of neurochemical investigation, the notion that certain kinds of convulsions 
might be ascribed to abnormalities of acetylcholine metabolism has proved to be 
a challenging concept. 

While the exact rdle of acetylcholine in the nervous system is the subject of much controversy 
and' debate, most investigators are agreed that this choline ester is of crucial importance in the func- 
tion of the brain and is concerned in some manner with the nerve impulse. To be effective, acetyl- 
choline must be released and destroyed with great rapidity. The enzyme, cholinesterase, rapidly 
hydrolyzes acetylcholine and is in this way intimately related to the action of acetylcholine. If the 
cholinesterase activity in a tissue is decreased acetylcholine will accumulate. Physostigmine and 
eserine are drugs that reversibly inhibit cholinesterase. During the time the enzyme is inhibited by 
these drugs acetylcholine may accumulate and included among the effects of excessive acetylcholine 
are convulsions. Fiamberti (3) is using intravenous inj'ections of acetylcholine as shock therapy for 
schizophrenia and other conditions. 

During the past decade several studies have been made on the action of acetylcholine on the 
brain in respect to the problem of convulsions. Among others, Miller, Stavraky and Woonton (4) 
sensitized the brain with eserine and showed that acetylcholine could induce spiking in the brain 
waves. Later, Chatfield and Dempsey (5) prepared the brain with prostigmine and evoked spikes 
in the electrocorticogram. Atropine not only prevented this spiking but after this abnormal mani- 
festation was established it could be eliminated by that drug. Brenner and Merritt (6) who applied 
acetylcholine to the cerebral cortex of the cat pointed out the similarity of the electrical changes 
resulting to those of grand mal epilepsy. Forster (7) continued along the same lines and was able 
to associate the electrical patterns with tonic and clonic convulsions. Bomstein (8) studied experi- 
mental cerebral trauma and showed that the resulting epileptiform discharges were accompanied by 
the presence of acetylcholine in the cerebrospinal fluid. The administration of atropine stopped 
these convulsant effects. In a clinical investigation Cone, Tower, and McEachem (9) showed that 
the cerebrospinal fluid of patients either in status epilepticus or with more than one seizure per day 
contained significant amounts of acetylcholine. 

During the last few years an irreversible anticholinesterase has been discovered, 
di-isopropyl fluorophosphate (DFP). This drug affords an ideal means of studying 
the effects of excess acetylcholine in the brain for unlike eserine and prostigmine 
which temporarily inactivate cholinesterase; DFP destroys that enzyme (10, ii). 
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Previous contrihulions include that of Grob cl at. (rs) who administered DFP to 
man and observed enccplialograjxhic changes consisting of an increase in the potential, 
frequency and irregularity of rhythm, and the intermittent appearance of abnormal 
waves similar to those seen in patients v/ilh grand rnal epilepsy, Wcscoe cl at. (15) 
injected DFP intravenously and produced convulsions with a constant electroen- 
cephalograph ic e/Tecl characterised by an increase in frequency and a decrease in 
voltage. However, in neither ease was .status or repetitive high amplitude rapid 
frequency waves of an enduring grand mal .seizure seen. Such electroencephalo- 
graphic patterns were observed in the following experiments. 


METHOD ANT) RESULTS 

Rabbits were anesthetized with the ultrasbort-acling barbiturate, pentothai, 
given intravenously, but were maintained under anesthesia only long enough to ex- 
pose the vessels of the femoral triangles and the two common carotid arteries, as well 
as to cannulalc the trachea and resect the scalp, Elcctrocorticograms were obtained 
from each cerebral hemisphere by means of monopolar needle electrodes inserted 
through the calvarium (14). For each liemisphere the corresponding external au- 
ditory meatus was used for the insertion of an indifferent electrode, A four-channel 
Grass electroencephalograph was employed to record the electrical changes. Prior 
to the administrations of DFP a small dose of atropine sulfate, 0.02 mg/kg., was 
injected into the femoral vein to prevent bradycardia and maintain the normal 
hemodynamics of the animal. Electrocardiograms were recorded throughout the 
e,\'perimcnts in order to follow the heart function. Furthermore, to be sure physi- 
ological conditions prevailed, blood pressure readings were obtained intermittently 
from the femoral arterjL After the slow pentotlial waves had disappeared, DFP 
in saline solution was injected into the right common carotid artery of curarized 
rabbits under artificial respiration. The first step in the elucidation of the mechanism 
of the convulsives is to stud^' the action of DFP on cholinesterase. Cholinesterase 
activity was therefore determined by a potcntiometric technic developed by Michel 
(15), on slices from the right and left hemispheres, the cerebellum and the area 
termed brain stem, starting with the thalamus and extending caudall}'^ through tlie 
corpora quadrigemina. 

In figure i are presented the characteristic stages in the development of the grand 
mal pattern produced bj'- the intracarotid injection of DFP into a rabbit. The 
progressive changes include first an increase of frequenc}'^ and a decrease in amplitude 
followed by a gradually enlarged amplitude. Despite the anatomic presence of the 
circle of Willis the injection of DFP into the right common carotid artery goes pre- 
dominantly to the right side of the brain (16), and for that reason the left side lags 
behind the right. Nevertheless, with adequate doses the left side finally also de- 
veloped the grand mal pattern. As indicated in the legend tlie larger doses of DFP 
evoked the more marked effects. Plowever, a certain overlapping of dosage was 
observed, for example i.o mg/kg. produced stage C in one animal but stage D m 
another and on several occasions a single dose of 0.5 mg/kg. brought forth the 
entire gamut of changes culminating in the grand mal pattern as seen in the tracings 
presented in figure i. However, in any given animal the development of grand mal 
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potentials with adequate amounts of DFP was consistent. This pattern, once es- 
tablished, was maintained for | hour to hours. 

Certain variations appearing consistently bring to mind the electroencephalo- 
graphic records seen in epilepsy states other than typical grand mal. Thus with 
the injection of 0.5 mg/kg. of DFP a pattern similar to that described by Gibbs and 
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Fig. I {upper). DFP and electrocorticogram. Control tracings for right and left hemi- 
spheres, frequency s/sec., are presented in A. The first change, B, includes the appearance of 
secondary waves superimposed on slightly increased fundamental frequency on the right to 6/sec., 
and a decrease in amplitude more marked on right than left. Such changes occurred with dosages 
of about 0.2-0.5 mg/kg. The second or intermediate change, C, consists of a grand mal type of 
wave, frequency i s/sec. with increased amplitude in the right hemisphere while the left hemisphere 
advances to the characteristics of the right hemisphere during the preceding change with, however, 
an occasional spike. Electrocorticograms of this t)q)e appeared with doses of o.s-1.0 mg/kg. The 
third change, D, resembles the pattern of status epilepticus and was observed in both hemispheres. 
The frequency was 19/sec. and the amplitudes the largest observed. The dosage nath which grand 
mal pattern developed was usually i. 0-2.0 mg/kg. 

Fig. 2 {lower). Pattern op tonic seizure compared with dpp efpects. Tracing marked 
Gibbs is one of a tonic seizure reproduced from the Atlas of Gibbs and Gibbs (17). Those below are 
the right and left electrocorticograms obtained in a rabbit injected with DFP. The development of 
the electrocorticogram of the left side lags behind that of the right. 


Gibbs (17) for tonic seizures was observed (fig. 2). These authors note that such 
changes may precede grand mal. We have made the same observations for this 
type of wave occurs after the earlier reactions take place and before the grand mal 
tracings are estabhshed. Like stage C in figure i and the type of waves shown in 
figure 3, those presented in figure 2 therefore belong to the group of intermediate 
changes. More frequently and almost always before the repetitive grand mal seizure 
commenced, rectangular high amplitude waves, which are sometimes serrated and 
typical of psychomotor seizures, appeared in the electrocorticograms (fig. 3). 
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\Mulc grand nial sei/.tirc patterns were disappearing, either sjionlancously or 
because of anti-epileptic treatments, clumps of high frequency sf)il:cs could be seen 
interspersed between less abnormal tracings (fig. 4), Similar configurations have 
been observed in patients with myoclonic .seizures as concomitants of epilepsy. 

Biochemical investigations on tlic brain of the raliliit studied electrically reveal 
(table i) that a marked depression of cholinesterase activiU' occurred before any 
definite cliangcs were obser%'cd in the cicctrocorticogram. With this drug an 
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Fig. 3 (upper). Pattern of rsvcnoxioTOR seizure coxipared with dfp effects. First 
tracing, obtained on a patient xvith psychomotor seizures, is reproduced from the Atlas of Gibbs and 
Gibbs (17). The right cicctrocorticogram observed in a rabbit is similar to the tracing from the 
Atlas. The left side again lags behind the right. 

Fig. 4 (lower) . Myoclonic pattern coxipared xmii dfp effects. Top pattern is reproduced 
from the Atlas of Gibbs and Gibbs (17) and xs'as obtained from epileptic patients who have exhibited 
myoclonic seizures. The lower two tracings arc reproduced from a rabbit injected with DFP. 


extreme depression of cholinesterase activity is an accompaniment of the grand mal 
pattern. In none of the observations, however, was the cholinesterase activity 
brought to a complete standstill, some activity always survived even with the largest 
doses of DFP used. 

WMth a decrease of cholinesterase activity acetylcholine presumably accumulates 
and in that case atropine should be a potent antidote. In order to test the mfluence 
of atropine, in three instances that drug was given after the grand mal waves had 
been established (fig. 5). Surprisingly small doses of atropine for the rabbit restored 
the normal pattern. Even i mg/kg. of atropine exerted an enormous influence, 2 
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to 4 mg/kg. were the most required to eliminate the electrical alterations. In four 
other observations atropine was injected intravenously in dosages varying from 6 to 
25 mg/kg. prior to the administration of DFP. Though the grand mal waves were 
prevented, DFP evoked some moderate responses such as increases in frequency and 


Table i. Cholinesterase AcxrviTy and electeocorticograii 


rLECTROCOKTICOGRAZr 

CHOLINESTERASE ACTIVinf % NOEIIAI. 

Right cerebral hemisphere 

Left cerebral hemisphere 

Early^change 

8.7 

S 5-0 

Intermediate 

0.8 

8.0 

Grand mal 

0.6 

1.6 


Following the right intracarotid injection of a small dose of DFP, o.i mg/kg., the earliest 
electrical changes characterized by slight increase of rate and diminution of amplitude appearing 
only in the right hemisphere was observed. The right cortex was 8.7% of normal and the left 
55-0%. With larger doses of DFP, usually 0.5 mg/kg. to i.o mg/kg., intermediate changes in the 
electrocorticogram were seen, such as bursts of low amplitude fast waves with occasional high square 
waves on the right and low amplitude waves on the left. In this instance the right cortex had a 
cholinesterase activity of 0.8% of normal and the left 8.0%. Lastly, the electrical pattern of grand 
mal was found to be accompanied by 0.6% of the normal cholinesterase activity on the right and 
1.6% on the left and the dosage varied from 0,5 to 2.0 mg/kg. 
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Fig. 5. DFP AND ATROPINE CURE. The first tracing, A, is that of a grand mal seizure pattern 
evoked by the intracarotid injection of DFP. The second marked B shows the influence of the in- 
travenous injection of atropine, i mg/kg., on the seizure pattern. The third, C, exhibits the effect of 
an additional dose of atropine, i mg/kg. 


decreases in amplitude. These responses were however eliminated by additional 
atropine. 

DISCUSSION 

The reproduction of the electrical patterns similar to those observed (figs. 1-5) 
in patients with epilepsy has been accomplished in rabbits receiving intracarotid 
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injections of DFP. In order to evoke the convulsive patterns dnistic reductions of 
cholinesterase arc required (lal)le i). These experiments therefore suggest that 
excessive acetylcholine is concerned with the exi>crimcntal jiroduction of the grand 
mal type of clcctrocorticogram. It is true that sevend groups of investigators 
(iS-22), have rcjiortcd actions of DFP other than the destruction of cholinesterase. 
The ability of thi.s drug to destroy cholinesterase however is generally recognized and 
in the absence of the hydrolytic enzyme acetylcholine may accumulate. 

In favor of this interpretation of the role of acetylcholine are the cfTccts of atro- 
pine. If these abnormal tracings were brought on by an excess of acetylcholine a 
drug that blocks the action of acetylcholine should prevent or cure these seizures. 
7 'his therapeutic action is seen in the present experiments. 

Though the jiresent studies do not present evidence on the concentration of 
acetylcholine in the various parts of the brain, an attempt is made to correlate the 
electrical potentials with decreases of cholinesterase activity. Tliis comparison is 
facilitated because DFP produces a biochemical lesion in the brain which endures 
until regeneration of cholinesterase occurs. A comparison of table i and figure i 
reveals a rough correlation between the degree of abnormal electrical potentials and 
the depletion of cholinesterase activity, for with the progressive decrease of the latter 
the electrocorticograms exhibit successive stages in the production of the grand mal 
pattern. This relationship however is not necessarily a direct one and may involve 
other factors. 

Experimentally produced convulsions, in man}' instances, do not respond to 
anti-epileptic drugs in the same manner as does essential epilepsy (23-25). Among 
the various experimental methods for testing and screening anti-epileptic drugs, i. e. 
electroshock and metrazol, none gives adequate assurance as to effectiveness of the 
drug in question. It is, therefore, of interest to report that our preliminar}' results 
indicate a similarity between the influence of the anti-epileptic drugs on DFP and 
clinical experiences insofar as phenobarbital, dilantin and tridione are concerned. 

\^^at is the relation of these electrical patterns to those of essential epilepsy? 
There are certain bits of evidence in the literature indicating that acetylcholine may 
enter somehow into the mechanism of essential epilepsy. Gibbs, Lennox and Gibbs 

(26) have observed increases of carbon dioxide in the arterial blood of patients reach- 
ing maximum values just before the precipitation of the comnilsions. An accumula- 
tion of acetylcholine might be e.xpected at that time in view of Finerty and Gesell’s 

(27) work emphasizing the anticholinesterase action of carbon dioxide. Supporting 
this possibility is the conclusion of Words and Goldfarb (28) who studied patients 
receiving the hypoglycemic treatment for schizophrenia and obser\'ed that the arterial 
carbon dioxide rose sharply preceding the onset of convulsions. In this regard the 
observations of Schiitz (29) that patients habituated to barbiturates reveal a decrease 
in the nonspecific cholinesterase activity of the serum may be cited. On the removal 
of the habituating drug convulsions were frequently observed. A low cholinesterase 
activity accompanied by a corresponding excess of acetylcholine with the elimination 
of the depressing neural effect of the barbiturate may be among the causes for the 
convulsions. Other suggestive evidence is that Pope el al. (30) who excised electro- 
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genic areas from patients with convulsions found excessive cholinesterase activities. 
They believe that the supernormal activity is indicative of an abnormally large 
acetylcholine turnover. 

We need scarcely point out that similarity does not establish identity and that 
these experiments are not necessarily concerned with the mechanism of epilepsy. 
Atropine moreover is not effective in the management of epilepsy, and yet a recent 
report (12) indicates that it may exert a beneficial effect on some of the abnormal 
waves appearing between convulsive episodes. Unlike many other convulsants, in 
the case of DFP, the active agent is a physiological one namely acetylcholine. Thus 
there is a likelihood that this mechanism might play a r 61 e in clinical seizures. 

SUMMARY 

Intracarotid injection of DFP into curarized rabbits produced high amplitude » 
rapid frequency waves on the electrocorticogram similar to those seen in grand mal 
seizures of status epilepticus. Various patterns were demonstrated that resemble 
other epileptic tracings. These electrical changes were associated with extreme 
decrease of cholinesterase activity but in no instance was all such activity eliminated. 
Because of the destruction of cholinesterase it is probable that the convulsant 
patterns are produced by the excessive accumulation of a normal metabolic product 
of the brain, namely, acetylcholine, an interpretation supported by the prevention 
of the seizure patterns by the injection of atropine. 
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DFP: SITE OF INJECTION AND VARIATION IN RESPONSE 
A. M. FREEDMAN and H. E. HIMWICH 
From the Medical Division, Army Chemical Center 

ARMY CHEMICAL CENTER, MARYLAND 

T he drug, di-isopropyl fluoropliosphate, called for brevity DFP, irreversibly 
mactivates cholinesterase after a brief latent period (i, 2). With the de- 
pression of cholinesterase activity, acetylcholine may accumulate in the body 
and the signs of DFP activity are in large measiure the results of excessive acetyl- 
choline. In addition to combining with cholinesterase, DFP may undergo another 
fate, namely, to be destroyed by an enzyme which Mazur and Bodansky (i) named 
phosphofluorase, an enzyme present throughout the body and perhaps in greatest 
concentration in liver and kidney. 

The symptoms and the lethality of DFP may be expected to vary in accordance with the site 
of injection. If the DFP goes chiefly to an organ sensitive to acetylcholine the results of the inj’ec- 
tion will be magnified. While if most of the drug enters an organ containing a high concentration 
of phosphofluorase it will be detoxicated rapidly and its action will be minimized. 

When a drug is injected intravenously it will necessarily be carried' to the heart from whence 
it will be spread to the rest of the body and affect all the organs. On the other hand, the action of 
a drug on any particular organ can be segregated to some extent by the injection of that drug into 
an afferent vessel of that organ. For most parts of the body their arterial supply would be the logical 
avenue of entrance. In the liver, however, the portal vein may be substituted for the hepatic artery 
as an easier site of injection. Finally, as a quantitative means of accurately estimating one of the 
actions of a drug, namely, its lethality, the LDjo resulting from the various sites of injection can be 
determined. 


METHODS AND RESULTS 

In the present study made on rabbits the animals were anesthetized with the 
ultrashort-acting barbiturate pentothal given intravenously. The animals were 
maintained under anesthesia only long enough to expose the vessels to be injected. 
All animals were examined for the changes in behavior produced by DFP. When 
a lethal exitus occurred it too was noted and the time recorded. The sites of injection 
were: a) both common carotid arteries, b) one common carotid artery, c) femoral 
vein, d) femoral artery and e) portal vein. In order to segregate electrical activity 
of each cerebral hemisphere two monopolar electrodes (7) were inserted through the 
cranium, one over each cerebral hemisphere. Each monopolar electrode was con- 
nected with an indifferent electrode placed in the external auditory meatus of the 
same side of the head. The animals were curarized, placed under artificial respira- 
tion and the electrical potentials of the cerebral hemispheres recorded. Subse- 
quently, the cholinesterase activities of brain slices were measured by the method 
of Michel (3). 

Table i presents the results on the lethality of DFP and LDso is recorded for 
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each site of injection. With the exception of the LDjo values for one carotid artery 
and the femoral vein, eacli LDio is significantly difTcrent from every other one 
according to the / test. 

The cfiects on the behavior of the animals depended upon the site of injection. 
When the femoral vein was used general elTccls were strongly dev'cloped including 
gastro-intcstinal hypermotility and defecation with some stimulation to respiration. 
Injection of a femoral artery invariably resulted in lively fasciculations of the leg 
muscles fed by the artery. 1'he general cfTects however were less noticeable than 
with the femoral vein. In the case of the portal vein all signs of DFP poisoning 
were profoundly minimiaed. The use of the common carotid arter}’' for the adminis- 
tration of DFP invariably' produced marked respiratory stimulation and in the end 
respiratory' depression. Salivary secretion was another ])romincnt result. 

In some of the animals injected in only one common carotid artery a character- 
istic unilateral or adversivc syndrome developed. For example, if the left common 
carotid artery was used for the administration of DFP the pupil of the left side 
constricted, the head turned to the right and compulsive circling movements to the 
right were made. The behavior of the animals suggests a labyrinthine component 
of the syndrome. 


TaRLH I. In-JKCTION site and DFP SENSITIVITY 


SITT 

tDH MO/KC. 

RATIO 


U)is l! 0 /KC. 

RATIO 

Both carotids 

One carotid 

*^cmoral vein 

0.109 ± 0.030 
O.45O ± 0.061 
0.478 ± 0.063 

I 

4 

4 

1 Femoral art 

j Portal vein 

0.85S d: 0.0S2 
2.30 ± o.is 

8 

22 


DISCUSSION' 

It will be seen that the brain is the organ most sensitive, for the LD50 dose is 
only o.iog mg/kg. when both carotid arteries are injected simultaneously. In that 
case respiratory signs are especially pronounced for tlie animals so treated display 
marked hyperpnea followed by diminished respiration cyanosis and finally apnea if 
the outcome is lethal. Usually the heart continues beating after respiration has 
ceased. In our experiments the effects on respiration might have been exerted at 
least in part indirectly through the orbital surfaces of the frontal lobes, for cholinester- 
ase activity was reduced most profoundly in the cerebral hemispheres. On stimula- 
tion of these surfaces Sachs and Brendler (4) observed respiratory arrest in the 
expiratory position and inhibition of respiration in any phase of its development. 
The same respiratory changes may also be evoked either by the vagus or by the 
medullar}' centers. Frey and Gesell (5), using the vertebral artery for injection m 
order to reach the respiratory centers directly describe the mechanism whereby in- 
creasing doses of DFP produced first greater ventilation, then a decrease and finally 
apnea. Just as in the case of vagus stimulation, the expiratory centers undergo 
a progressive increase of function under the influence of DFP. The inspiratory 
centers are reciprocally inhibited more and more profoundly so that inspiration at 
first is shortened and finally prevented entirely as respiration ceases in the expiratory 










January ig4g 


VARIATION IN RESPONSE TO DFP 


127 


phase. With bilateral intracarotid injection the systemic effects are relatively small. 
It seems that the DFP is filtered out, to a greater or lesser extent, by the brain and 
other parts of the head. In addition the longer circuit in the blood permits the 
combination of a greater amount of DFP with the cholinesterase of the red blood 
corpuscles. 

When only one carotid artery was used, a dose four times as large as the bi- 
lateral route was required. The injection of one carotid artery goes preponderantly 
to the same side of the brain leaving the opposite side less affected. The electro- 
encephalographic evidence for the lack of good mixture of blood in the brain will be 
considered later. Preliminaiy obsen^ations reveal that the changes in posture and 
forced circling movements named the adversive syndrome may be elicited whether 
the internal or external carotid artery is injected with DFP, and can be cured with 
atropine in doses of 0.7 to 0.8 mg/kg. 

The LDbo for the femoral vein is about tlie same as for a single carotid artery. 
Though the brain may receive less DFP than when only one common carotid artery 
is injected yet the dose is not diverted to one side of the head but is distributed 
more equally to all parts of the body. The general systemic signs including peristalsis 
and defecation are therefore more prominent while those arising in the head, i.e. 
pupillary constriction, salivary secretion and respiratory stimulation, are less so. 
The respiratory changes must be considered in part as the direct action of DFP 
on the lungs with contraction of bronchial musculature and secretion of bronchial 
glands. The use of the femoral artery as an avenue for the administration of DFP 
necessitates a larger dose than is required when the femoral vein is so employed 
because the drug must first pass through the leg making for the retention of that 
agent within the muscles. A sign of this retention is the highly localized increase 
of muscular activity particularly in the form of fasciculation in the injected leg. 
Thus, some of the DFP is diverted from the rest of the body. 

Finally, the injection into the liver via the portal vein requires a dose all out 
of proportion to that of any other chosen sites probably because of the high concentra- 
tion of phosphofluorase in that organ (i) which rapidly detoxicates the drug and 
correspondingly raises the LDbo. 

In general these experiments show that the effect of a given dose of DFP varies 
widely with its site of entry into the body. If we take the dose for the two carotid 
arteries as unity then table i shows that the relation of the two common carotid 
arteries to one artery is as 1:4, the two common carotid arteries to the femoral vein 
is also 1:4, to the femoral arteiy, 118 and to the portal vein, 1:22. 

Because the brain is the organ most sensitive to DFP it was decided to study 
further tlie brain clianges with the aid of the electroencephalograph (6). Monopolar 
electrodes were therefore inserted through the cranium over each cerebral hemisphere 
(7). When doses of DFP less than the LDbo were administered into a common 
carotid artery of curarized artificially respired rabbits, rapid low amplitude waves 
appeared in the electroencephalogram. This electrical change was exhibited chiefly 
though not exclusively on the side of the injection. Witli larger doses, one to three 
times the LDbo, the grand mal tjqie of wave was evoked and in this case finally both 
sides of tlie brain were equall}'’ involved. The influence of atropine on the results 


128 


A. M. FREEDMAN AND IL E. HIMWICH 


Vdume 


of DFP arc significant , Atropine was able to restore the norma! pattern after major 
convulsive sei/mrcs appeared on tlie cicctrocorticogram. Moreover, when atropine 
was given before DFP it prevented the appearance of the grand mal pattern but 
could not entirely eliminate short periods of the fast, small amplitude waves (6). 

Though there is no consensus of opinion on the possible mechanisms of action 
of DFP yet general agreement docs exist on its ability to attack the enzyme cholines- 
terase. For that reason the choliiTesterasc activities of various parts of the brain 
were determined. Elsewhere (6) it is reported that with appropriate small doses 
of DFP the cholinesterase activity of the injected side was more impaired than the 
opposite one. But with the larger doses ranging from 0.5 rag/kg. to 2.0 mg/kg,, 
productive of bilateral grand mal patterns, a profound depression of cholinesterase 
activity was observed in lioth cerebral hemispheres. Such a depression permits the 
accumulation of excessive acetylcholine which in turn may be an immediate cause 
of the convulsant electrical ])otcntials. 

Finally, the anatomic basis is at hand for the more profound effects observed 
on the side of the intracarotid injection of DFJk The differences between the results 
of bilateral and unilateral intracarotid injections whether measured in terras of 
lethality, behavior, brain waves or cholinesterase activities must be directly asso- 
ciated \vith the absence of the anterior communicating arter}' which appears for the 
first time in phylogeny among the primates. In the rabbit, the anterior cerebral 
arteries, branches of the internal carotid arteries, arc not connected by the anterior 
communicating artery. Rogers (8) has shown that the circle of Willis in man does 
not facilitate the mingling of the blood streams of the vertebral and carotid arteries. 
The circle is neither a distributor nor an equalizer. His conclusion applies with 
even greater force to the rabbit for in that species the circle is incomplete. 


SUMMARY 

A study of lethality with different sites of injection has shown the brain^to be 
the part of the body most sensitive to DFP, the cause of death being respiratory. 
Among the other organs, the liver managed the largest doses of DFP with least 
general effects. Injection into one common carotid artery produced an adversive 
syndrome consisting in part of forced circling movements to the side opposite the 
injection. When artificial respiration was instituted in order to avoid respiratory 
failure large doses of DFP precipitated grand mal tj’pe of brain waves. The sub- 
sequent injection of atropine restored the normal pattern. Atropine given before 
DFP prevented the development of the grand mal pattern. 
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WATER, NITROGEN AND ELECTROLYTE CONTENT OF 
BRAIN FOLLOWING CEREBRAL CONCUSSION^ 
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F or some time the belief has been that cerebral swelling is an important factor 
in producing the symptoms following trauma to the brain. Therefore a study 
of the biochemical changes in the blood and cerebral tissues in animals in which 
concussion is produced experimentally should be of value. 

The purpose of this investigation was to study the water, nitrogen and electro- 
lyte concentrations in the serum and brain of dogs after pure cerebral concussion ac- 
cording to the technique developed by Walker, Kollros and Case (i). The discus- 
sion will be confined to the effect of concussion on water and electrolyte values in the 
brain of dogs grouped according to the length of time allowed to elapse between the 
impact of the blow and the removal of the brain for analyses. The study includes 
the analytical data from 32 dogs apportioned as follows: 12 normal dogs used as 
controls; 4 animals at 15 minutes after trauma; 4 animals at if to 3! hours after 
trauma; 6 animals at 5 hours; 3 animals at 24 hours; and 3 animals at 4S-72 hours. 
These intervals of time that were allowed to elapse between the impact of blow and 
the removal of the brain were selected to determine whether there were detectable 
post traumatic changes and, if so, the time necessary for their development. 

Many studies have been carried out to attempt to establish causes of s3Tnptoms following in- 
juries to the head, and numerous reviews of the literature have been published on this subject. The 
most critical and extensive one was that by Lehman and Parker (2). Another early review was that 
by Pilcher (3), who presented data to show that the water content of various portions of the dogs’ 
brain did not change after measured trauma of varj'ing degrees. Since the total water content did 
not change he concluded that, following trauma, cerebral edema was not the important factor in pro- 
ducing the increased intracranial pressure. Later in 1943, Gurdjian, Webster and Amkoff (4) re- 
viewed conditions which cause the brain to swell. The recent work of White, ct at. (5) established 
that, when cerebral concussion was produced in cats, there was an increase in the volume of the brain 
up to a maximum of 5. 5 per cent. They stated that the increase in brain value was due to extra- 
vasation of fluid through the capillary walls rather than to the escape of red cells, or vascular conges- 
tion or distension of the ventricles with increased amounts of fluids. 

There have been no known ex-perimental studies on the water and electrolyte 
content of tlie cerebral tissues following trauma. It was considered possible there- 
fore that chemical examination of the cerebral tissues following pure concussion might 
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reveal changes not, recognisable by morpliological study of the tissues alone. The 
experiments reported here deal jirimarily with the chemical clianges in cerebral tis- 
sues oljtaincd from dogs with pure cerebral concussion, accompanied by minimal 
damage to blood vessels. 


PROCEDURES 

The dogs used as the cx-perimenta! animal.? weighed about 8 kg. and were in 
good physical condition. For the concussion and the removal of tissue all animals 
were anesthetized with pentobarbital. In brief the procedure was as follows. The 
skull was exposed and a hole trephined in the right parietal area to accommodate a 
right-angled plumbing elbow. With the elbow in place a five-foot metal tube was 
screwed into it and the elbow and tube were filled with water to a height of about 
two inches. The impact of a falling weight, generally a T40-gm. steel weight, upon 
the surface of the water was transmitted to the dura and then to the brain. The 
severity of the concussion varied. Some dogs simply skipped one or two respira- 
tions. Others had respirator}' arrest for a minute or more and their corneal reflexes 
disappeared for still longer periods. A few maintained a tonic state for several min- 
utes, relaxing slowdy and gradually as artificial rcsi)iration was instituted. WTien 
the desired time had elapsed after the concussion, the animals were anesthetized with 
pentobarbital (nembutal) and blood and brain were removed. 

Blood was drawn under oil from the femoral artcr>' and allowed to clot. The 
scrum was used for the analyses of water, chloride, sodium, potassium, calcium, mag- 
nesium and total nitrogen. Immediately after withdrawal of the blood, the brain 
was removed. The brain was wiped quickly to remove adhered blood. The brain 
stem and cerebellum were separated by section through the peduncles at the level 
of the superior colliculus and the cerebral hemispheres divided in the sagittal plane. 
The hemispheres and the cerebellum were then placed in separate glass stoppered 
bottles, treated and analyzed as previously reported by Eichelberger and Richter (6). 
The brains of all animals were carefully examined in order to be certain that there 
were no intracranial hemorrhages or any other pathologic alterations detectable to 
the naked eye. 

The following determinations were made on these tissues: water, chloride, 
sodium, potassium, calcium, magnesium and total nitrogen. The chemical methods 
used are described in the above reference (6). 

RESULTS 

For comparison, the mean data with standard deviations for normal serums, 
hemispheres and cerebellum are given in table lA for 12 dogs. Since it is impractical 
to determine the water and electrolyte content of the same cerebral tissues before and 
after trauma, the available basis for comparison is the average findings in a group of 
normal animals. In using this procedure, the effects of individual variations between 
different brains are not eliminated, although this limitation is obviated by the small 
standard deviations (table i) for all the constituents studied. 

Group I. Analyses of cerebral lissnes removed 15 minutes after trauma. In table 
iB are recorded the quantitative chemical concentrations present in the serum, hemi- 
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Sphere and cerebellum of 4 dogs, 15 minutes after concussion. The average values of 
the 4 dogs are presented together with the calculated difference between the experi- 
mental values and the control values under the heading of change. In general, when 
the average findings of this group of dogs are compared with the averages of the control 
group, the average change does not indicate any significant difference between ‘control’ 
and experimental tissues for a 15-minute period. The reason for the absence of any 
changes in this group of animals may be the result of the relatively short time between 
the blow and the removal of the brain. Therefore longer intervals were allowed to 
interv^ene after the impact. 

Group II. Analyses of cerebral tissues removed i\ hours to hours after tratmia. 
In table iC are given the chemical analyses for serums and cerebral tissues of the 4 
dogs forming this group. Three of the animals were killed 3 hours and one, if hours 
after the blow. The only material change observed in the chemical constituents of 
the tissues of this group of animals was the low calcium content in the hemispheres 
of 3 of the 4 dogs. In dog 5 of this group, an extremely low calcium value of 1.04 
mEq. of calcium/kg. of hemisphere was obtained. 

Group III. There were 6 animals in this group, 2 were killed at the end of 4f 
hours; 2, at the end of 5 hours and 2, after sf hours following the cerebral injury. 
The results are presented in table iD. The only significant chemical change in this 
group of animals was the low calcium values in dogs 13 and 14. 

Group IV. Analyses of cerebral tissues removed 24 hotirs after trauma. Three 
animals comprised this group and the results are given in table lE. The concen- 
trations of both sodium and chloride in the serum were low, especially the sodium 
values. The cerebral tissue values for chloride, sodium and calcium were also low. 
The water content of neither the serum nor cerebral tissues was altered. Low cal- 
cium values were found in all dogs of this group. 

Group V. Analyses of cerebral tissues removed 48 to 72 hours after trauma. One 
dog was killed 48 hours after trauma and 2, 72 hours after the blow (table iF). 
Chemically, the serum and cerebral tissues of these dogs were normal. Although 
changes occurred in the tissues of the Gi-oup IV dogs 24 hours after concussion, they 
were not detectable in the group examined at 48 to 72 hours following trauma. 

DISCUSSION 

The major difficulty in determining whether or not the cerebral tissues swelled 
following pure concussion is that it is impossible to calculate from the available data 
the relative volumes of the extracellular fluid phase and the intracellular fluid phase. 
If we consider that brain tissue, as all other tissues, comprises two phases, the extra- 
cellular fluid phase and the intracellular fluid phase, we should accept that the extra- 
cellular space of the central nervous system is distinct in character from that of the 
extracellular space of other tissues. This conclusion was reached by Wallace and 
Brodie (7) and Manery and Bale (8) on finding that the passage of dissolved sub- 
stances from the blood into the extracellular space of the central nervous system is 
slow while into the extracellular spaces of all other tissues it is rapid. 

Generally, if a tissue swells, one of the following conditions has occurred: a) The 
total water content of the tissue has increased with a resultant increase in one of the 
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phases or in both phases; b) the total v/atcr content of tlie tissue has not changed. 
Water lias been transferred into the cells causing a decrease in the extracellular fluid 
phase and an increase in the intracellular fluid phase (intracellular cdema)j or water 
has been transferred from the cells causing an increase in the extracellular fluid phase 
(extracellular edema). In other words, only a change in the relative proportions of 
extra and intracellular phases has occurred. 

Since the total water content of the hemispheres or cerebellum was not signifi- 
cantly increased iti any of the groups of dogs studied, condition a docs not have to be 
considered in this discussion. In no group of dogs was there found a greater increase 
in the total water content than x .2 per cent (brains removed i to 3^ hr. after trauma). 
From table i the standard deviation in the control animals was 0.8 per cent. There- 
fore 1.2 per cent change cannot be considered a significant change. The.se findings 
agree with those of Pilcher (3, 13). 

The extent to which a chemical approach can be made to the evaluation of 
edema in cerebral tissues is limited. Brain tissue unlike the skeletal muscleand liver 
is composed of many types of cells with variation in structure and function and 
reacts differently than the other tissues of the body. The generalizations concerning 
the evaluation of the extracellular phase or the intracellular phase in skeletal muscle 
and liver cannot be applied to brain tissue at this time. Further simultaneous chemi- 
cal and histological studies arc needed. Although quantitative interpretation of the 
analytical data for brain tissue into exact volumes of extra and intracellular phases 
cannot be made at this time, it is possible with some reservations to make tentativ’e 
conjectures. 

The concentration of ions in a tissue usually is indicative of the size of the phases 
in that tissue. Sodium and chloride are to be regarded as essentially extracellular 
materials in most tissues and are indicative of the size of that phase. Potassium 
and magnesium are to be regarded as essentially intracellular material in most tissues 
and are indicative of the size of that phase. The proportion of extracellular and 
intracellular phases varies from tissue to tissue but under normal conditions their 
proportions are relativel}' constant in any one tissue. For example, the extracellular 
phase volume/kg. of normal dog skeletal muscle averages 154 gm. ± 27 gm. (9, lo)- 
Therefore, the concentration of sodium and chloride in the normal hemisphere and 
cerebellum indicates a certain extracellular phase volume. The exact numerical 
size of this phase volume is not known at present, for it is believed that some of the 
sodium and chloride in brain tissue is intracellular (6). 

If the concentrations of sodium and chloride of the normal brains are compared 
with the concentrations found in the brains following concussion, the only difference 
in concentrations will be found in the cerebral tissues removed 24 hours after the 
blow. The lowered sodium and chloride values in the tissues from this group were 
probably the result of the lowered sodium and chloride concentrations in the serum 
of this group. In other words, from all of the experiments reported here we have no 
evidence of any increases in the extracellular fluids in these cerebral tissues. 

Since the total water content of the cerebral tissues did not change and indi- 
cations are that the volume of the extracellular phase of the tissues did not change, 
the intracellular phase could not have changed. That the volume of the intracellular 
did not change is further suggested by the concentration of the intracellular ions 
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(magnesium and potassium) of the experimental cerebral tissues as compared to the 
concentrations in the control group. 

The low calcium values found in the hemispheres of some of the dogs of Group II, 
Group III and all of the dogs in Group IV cannot be interpreted at this time. On 
the basis of dividing tissues into two phases, calcium is considered to be chiefly a 
constituent of the extracellular fluids of the body and, since there was no indication 
of a change in the volume of the extracellular fluid in the hemispheres of these experi- 
mental animals, calcium content should not have changed. 

Eichelberger and McLean (ii) reached the conclusion that unless some calcium 
is actually within the cells of tissues, a part of it must be assumed to be in an un- 
ionized combination with some extracellular substance other than the protein of the 
extracellular fluid, perhaps the connective tissue fibers. Further studies are needed 
for an interpretation of the low calcium values found here. 

A further survey of the composite average changes shows that low sodium values 
in the serums prevailed in Groups II, III and significantly low values in Group IV. 
It seems, therefore, that salt has been abstracted without a change in the total serum 
water. This could be interpreted as meaning that salt was removed from the serums 
leaving this phase hypotonic. This change must be the result of a loss of sodium 
chloride probably caused by a disturbance in the function of the renal tubules. 
This is an instance of dehydration. This has been illustrated for the body as a 
whole by Darrow and Yannet’s (12) experiments on the consequences of the intra- 
peritoneal injection of isotonic glucose. In view of these findings these animals of 
Group IV clearly would have been benefited by intravenous injection of isotonic NaCl. 
This might be a valuable key in the treatment of animals following concussion, 

SUMMARY 

Total water, nitrogen and electrolyte concentrations were determined in brains 
which were removed by bilateral craniotomy from dogs following pure concussion, 
uncomplicated by damage to blood vessels. The dogs studied were grouped accord- 
ing to the length of time allowed to elapse between the impact of the blows and the 
removal of the brain in order to attempt to determine the time required for post 
traumatic cerebral changes. 

There was no indication of cerebral swelling in these experiments. The total 
water content of the hemispheres or the cerebellum did not change significantly. 
Neither was there any indication of the presence of a redistribution of water in the 
cerebral tissues; that is, there was no shifting of water from the extracellular phase 
to the cell phase (intracellular edema) or vice versa (extracellular edema). 

Low calcium values \vere found in the hemispheres of some of the dogs killed at 
i| hours {Groiip II) and 5 hours {Group III) and all of the 24-hour group. The 
causes are discussed but cannot be interpreted at this time. There was a low sodium 
concentration in the serums of the dogs, 24 hours after trauma. This finding may 
have implications in the consideration of therapy for post traumatic cerebral injury. 
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S EVERAL factors are believed to afiect the resistance of the organism to ac- 
celeratory forces. Some of these have been made the subject of earlier in- 
quiry (i); altered reactions which are dependent upon common bodily dis- 
turbances call for more extended consideration, however, in view especially of hazards 
inherent in man's greatly speeded movement through space in modern times. More- 
over the acceleratory forces involved in everyday aircraft (especially mihtary) opera- 
tion differ only in intensity from that of gravitation, ever imposed on us and pro- 
ducing not only its stimulus but a formidable train of stigmata which call for clearer 
understanding. Under controlled conditions modified responses during accelera- 
tory exposure only two or three times that of gravity have now been investigated in 
a large group of general and specific body states induced by activity, dietary, ther- 
mal and other procedures. Protective measures against reduced levels of resistance 
to acceleration and what may be termed the functional cost of various disturbances 
are also considered. 


I^ETHODS 

Dogs were used in the 20-hour fasted state. Minor surgical work was carried 
out under light ether and novocain; no anesthetic was used during tests except as 

Received for publication November i, 1948. 
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noted later. The riglil carotid artery was oj)encd for determining arterial pressure, 
heparin injected and a through 1 -cannula allowing near-normal cerebral circulation 
introduced. An electrometric method registering blood pressure continuously was 
used (a). 

The carotid arterin! i)ressurc change.s evoked by accclcratory e:-:posurc were used 
as criteria. Spccilically a 'circulator}' area’, bounded by the arterial pressure de- 
pression curve and the connecting iioriaontal line al>ovc, and designated ‘ptp’ (fig. i), 



was utilized in evaluating responses as described previously (3). This gave the rnost 
faithful measure of the magnitude of the involved vascular change under acceleration. 
Also the overall change in time given by this circulatory area indicated more accur- 
ately the blood-vascular changes under stress in the cerebral tissues. 

Exposures to acceleration were made on a centrifuge with a lo-ft. rotor arm. 
Only positive g forces were employed. From 5 to 10 normal runs at 3 g (or occasion- 
ally 2 g in case of a poorly-resistant animal) for 15 seconds were first given with rest 
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intervals of 2 to 3 minutes between runs. This amount of exposure was relatively 
light, and animals were found in good condition after a large number of tests given 
over a 4 to 6 hour experimental period. One animal for example showed no reduc- 
tion from its normal response after 50 control tests in 2 hours. Tolerance to g 
forces could be lowered rather quickly, however, if much briefer intervals between 
runs or severe or prolonged exposures were given. Such conditions were avoided in 
the present work and uniform control observations were followed over long periods. 
Between transient-induced body states, e.g. under adrenalin, narcotics, etc., control 
runs could thus be made rather frequently. 

Results of initial and later interspersed control runs served as normals or basals 
for comparison with concurrent or subsequent experimental tests. Each animal served 
as its own control, therefore, except in the special cases of inanition and adiposity, 
in which comparison was made with the carotid arterial pressure average of all normal 
tests (over 450 cases). In several cases in which the more severe reductions in re- 
sistance to g were observed, tests were made of the eflBcacy of a pneumatic cuff or 
belt placed around the pelvic or lower abdomen and inflated to 1 50 mm. Hg. 

A rather large number of tests were made in most of the experimental series; 
in 30 different groups there were 535 tests, or an average of about 18 tests per group. 
Experiments were carried out on animals showing a mean carotid arterial pressure of 
no to 140 mm, Hg. Excluding actual centrifugal exposures, the experimental pro- 
cedures usually produced slight (within 10 mm. Hg) or no change in the basal resting 
level. When the base carotid arterial pressure level fell to about 100 mm. Hg., usu- 
ally in 5 to 6 hours, tests were discontinued. Further points on technique follow. 

Fatigue. After normal runs had been taken, from one to three series of vigor- 
ous convulsive reactions were evoked by metrazol given intravenously (usually 2 cc/ 
8-kg. dog) to produce fatigue. After convulsions had ceased, several centrifuge tests 
were made within 20 to 30 minutes; following this, recovery of normal response com- 
monly occurred. 

Trajmta. Under light anesthesia a) the abdominal wall was given several taps 
(6-8) or b) a small incision was made and the intestinal coUs manipulated, to produce 
a temporary shock-like condition in each case. Reduction of the base arterial pres- 
sure by about 10 mm.Hg indicated adequacy of the trauma, and runs were made over 
10 to 20 minutes, usually before recovei^c 

Heal; cold. Hot water or crushed ice in rubber bags was applied to abdominal 
and chest areas; occasionally also, a slow injection of warm or cold saline was given 
intravenously. Rectal temperature shifts of i to 2°C. were produced. 

Inanition; adiposity. Animals were kept on either low or high caloric intake for 
three to six weeks to induce respectively significant loss or gain of weight. In these 
cases only were the arterial pressure reactions compared with the average derived 
from all the normal series, 

Adrenalin. An intravascular dose given slowly and producing usually 10 to 20 
mm . Hg rise in basal carotid arterial pressure "was employed. Aqueous and oil prep- 
arations were utilized, and tests were made usually within the following i to 10 
minutes. 

Hypertonus {Metrazol); Struggling. Small doses of metrazol (0.25 cc/8-kg. dog) 



140 


S. w. HRirrON AND C R. FRENCH 


Volumt 1^6 


were given until sliglil muscle tremors, usually of the limb extremities, set in. Strug- 
gle records used were tliosc which appeared spontaneously in the group of animals 
studied. 

Narcosis. Ether; nembutal and pcntolhal were given to induce fairly deep 
narcosis, and reactions to acceleration obseri'cd usually for 15 to 30 minutes there- 
after. 

Alcohol. Ethyl alcohol was given intravasculariy in weak solution (10-20%) 
to induce blood alcohol levels of 0.10 to 0.25 (calculated). General condition of the 
animal also was followed. 

CO2; lolacco smoke; asphyxia. CO; was administered intratrachcally for I’ari- 
ous periods (usuall}' 10-90 see.) in various concentrations (CO; up to 15%) to pro- 
duce slight to severe degrees of hyperpnea. Tobacco smoke was given similarly by 
burning cigarette tobacco in a chamber. Asphy.xia was produced by clamping the 
tracheal tube for 30 to 90 seconds to induce the desired degree of respirator}' dis- 
turbance. 

Pelvic bell. A sphygmomanometer witli wide inflatable cufT or belt to cover the 
animal's lower abdominal wall was utilized. It was kept in place from the start of an 
experiment, and inflated and deflated respectively a few seconds before and after 
actual exposures to acceleration. 


RESULTS 

Throughout a series of 50 or more standard control exposures to an acceleratory 
force of 3 g for 15 seconds each, within about 2 hours, most dogs showed strikingly 
similar reductions in carotid arterial pressure. Tables i and 2 summarize the main 
experimental results, and figures i to 3 show typical and diagrammatic curx'es. 
Positive (+) and negative (— ) marks in the tables indicate greater or less depression 
of carotid arterial pressure in the experimental test compared to the normal decrease 
in the untreated control run at the same g force. It is apparent, therefore, that re- 
duced and increased tolerance respectively are indicated by + and — signs. 

A rather large number of conditions are observed to reduce resistance to accelera- 
tion; in many cases the reductions reached, indeed, about 50 per cent — in fatigue, 
trauma, inanition, adiposity, etc. In the 15 groups totaling 310 cases observed in 
which there appeared decreased tolerance to g (series A, table 1), the average disabil- 
ity was 35 per cent, with a range of 13 to 74 per cent. The limits (time, degree) to 
which the condition was imposed were obviously contributory factors in the response. 
While the degree of the induced disturbance was not specifically determinable in some 
cases, it did not in any instance reach an extreme, and animals showed return to the 
normal (control) response to g usually in 5 to 15 minutes. 

Of the relatively few conditions which increase resistance to acceleratory forces, 
the application of pressure in the pneumatic pelvic cuff was by far the most effica- 
cious; it was about twice as good as the four next best conditions. In some cases 
protection %vas almost complete against 3 g, 15 seconds with pelvic pressure, only slight 
reduction in carotid arterial pressure occurring throughout exposure. Those con- 
ditions which definitely involved muscular hypertonus — struggling, body tremors, 
cold, CO; treatment — also stood out rather markedly; much smaller reductions in 



February Jg4y 


CONDITIONS MODIFYING RESISTANCE TO G 


141 

carotid arterial pressure under g, about 30 to 40 per cent less than in the controls, 
were observed in these cases (table i). 


Table i. Resistance to acceleration under various conditions 

Determined by area changes (.ptp) in carotid arterial pressure. Dogs: 3 g, 15 scc.^ 


SEIUES A*. 

CONDITIONS WHICH DECREASE 
TOLERANCE TO G 

NO. or 

TESTS 

DIFFERENCE 
BETWEEN 
NORMAL AND 
DISTURBED 
ARTERIAL 
PRESSURE 
DECREASE 

SERIES b: 

CONDITIONS \VHICH INCREASE 
TOLERANCE TO G 

NO, OF 
TESTS 

DIFFERENCE 
BETWXEN 
NORMAL AND 
DISTURBED 
ARTERIAL 
PRESSURE 
DECREASE 



Ph% 



% 

Fatigue (after metrazol con- 






vulsions) 

22 

+43 

Pelvic belt applied 


— 72 

Trauma 


Vigorous struggling 

10 

-38 

Abdominal wall 

47 

+51 

Muscular tremors (after met- 



Intestinal 

10 

+ 20 

razol). 

22 

— 41 

Heat applied 

20 

+ 14 

Cold applied 

14 

-28 

Inanition (after fasting) 

16 

d-Sd 

Adrenalin injected 

19 

— 12 

Adiposity (overfeeding) 

35 

+52 

Partial anoxia, etc. 


Anoxia, etc. 



Asphyxia, light 

12 

-16 

Aspbyvia — moderate 

A 

-|-22 

CO’, light 


“JQ 

CO>, moderate 

8 

+ 19 

Tobacco smoke, light .... 

IS 

— 2 

severe 

II 

+74 

Alcoholism, light dosage 

45 

-17 

Tobacco smoke 






severe 

14 

+31 




Narcosis 






Ether 

20 

+41 




Pentothal 

38 

+15 




Nembutal 

20 

+31 




Alcoholism 






moderate dosage 

iS 

+13 




heavy dosage 

27 

+31 





* In a few cases 2 g, 15 sec., was applied. 


Table 2. Protection against g by pelvic pressure 
Dogs: 3 g, 15 eec. 


CONDITIONS 

DIFFERENCE BET^\’EEN NORil 

arterial pres: 

Pelvic belt pressure off i 

AL AND DISTURBED CAROTID 
SURE DECREASE 

Pelvic belt pressure on 

No. of Cases 1 

ptp% 

No. of Cases 

ptp % 

Fatigue (after convulsions) 

22 

+43 

12 

-37 

Trauma (abdominal blows) 

47 

+51 

ir i 

—41 

Asphyxia (moderate 

4 

-}-22 

9 

—60 

Alcoholism (heavv dosage) 

27 

+31 


-59 

Narcosis (ether) 

20 

+41 

10 

-45 

PeK'ic belt applied 



IS 

-72 


While a slight advantage found after adrenalin injection was expected from 
earlier work, the apparent benefit from light alcohol dosage was surprising. Lowered 
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tolerance to g forces under Jicavier alcohol treatment v.-as nevertheless consistently 
obscr\-cd. Similarly under certain anoxic or hypercapnic t\’pcs of interference with 
the normal animal economy, greater resistance was found under light treatment, 
giving way to marked handicap under g stresses when the conditions were pushed to 
greater limits. 

Moderate to Iicavj' doses of amyl nitrite did not alter significantly from the con- 
trols the carotid arterial pressure curve elicited by acceleration. Basal arterial pres- 
sure levels in these cases, liowcver, were reduced by lo to 20 mm.Hg. 

Small amounts of hemorrhage, up lo 5 cc., did not affect responses to g forces; 
removal of 10 to 30 cc. of blood from an S-kg. dog reduced tolerance, however, as 
shown by the greater than normal fall in carotid pressure on centrifugation. Subse- 
quent transfusion of plasma or scnim was doubtful^' liclpful in a few tests. 



Fig. 3 


The introduction of pressure into a pneumatic system covering the pelvic area 
was strikingly protective against serious fall in carotid arterial pressure during ac- 
celeration in many types of traumatic and deteriorating conditions. Invariably pro- 
ductive by themselves of severe handicaps under g stresses, these conditions were con- 
trolled almost completely by a cuff or belt pressure of 150 mm. Hg. In the whole 
group of conditions studied, a reduced tolerance of 38 per cent without protection was 
converted into an increased resistance of 63 per cent above the normal control level 
with the abdominal belt inflated (table 2). 

DISCUSSION 

Use of a rather moderate accelerator^’- force in these experiments w’as calculated 
to indicate more clearly the possible functional advantage or disadvantage of certain 
common body states with respect to the applied force. Correlation of the results 
obtained with reactions of the organism to gravitational influence also would be more 
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pertinent. A stress of three times gravity applied through unit time (3 g X i t), 
as used herein, might not for example differ greatly in functional influence from i g 
X 3 i. In many instances at least it has been shown that within limits the product 
of g and t (force-time) represents the responsible influential factor (1-3). 

Characteristic of the depressed responses shown by the larger group of experi- 
mentally treated animals to even the moderate acceleratory forces used (series A, 
table i) was the delayed return of normal carotid arterial pressure after the centri- 
fuge had stopped. In the fatigued, fasted and other groups, from 20 to 60 seconds 
elapsed before recovery. Often the actual level to which arterial pressure fell in 
these cases, however, was only 10 to 20 mm.Hg. greater than in the normal controls. 

In those tests in which animals showed greater resistance to g exposure, a sharp 
rebound phenomenon was a common feature of the arterial pressure curve. In 
both the hypertonic and the cooled groups, for example, a quick post-acceleratory 
rise of 10 to 30 mm. Hg in carotid pressure level marked the reaction curve. There 
was also a comparatively smaller overall arterial pressure reduction evident through- 
out these tests (fig. 3). 

A number of the conditions considered above are similar to those practical opera- 
tional influences which are experienced during flight in the plane. Military activities 
particularly may involve exposure to fatigue, trauma, hemorrhage, anoxia, ambient 
thermal changes etc., and it is clearly important to understand the effects of such var- 
iables on resistance or susceptibility to rather commonly experienced acceleratory 
forces. Readily evident is the pronounced disability produced especially by such 
factors as the above, as well as inanition and overfeeding, naroctics and alcohol in 
excess. 

It is unfortunate that there is such a paucity of factors which alleviate the sever- 
ity of the arterial responses, in the functional test herein used. The alleviatory fac- 
tors too are usually vicariously provided rather than spontaneously developed. By 
analogy, under gravitational influences as under g, protective conditions would surely 
be few in number. That certain adjustments of the body physiologic may be ef- 
fected to provide i to 2 g advantage, as herein demonstrated (e.g. in struggling), 
does nevertheless afford some comfort. Importance may be attached, in this con- 
nection, to a self-protective manoeuver described by Wood and his colleagues (4). 
Such reinforced arterial pressure responses under acceleration are probably explica- 
ble on the basis of altered muscular and vasomotor conditions. Vasoconstrictor 
responses and later carotid sinus activities must be considered as involved. 

The results show that fairly high-grade mammals are able to resist rather poorly 
a force about three times that of gravity applied for 10 to 15 seconds only. Man ap- 
parently does much better than sub-primates under this contingency (3); travail 
through long ages, ever fighting gravity along with his sanguinary struggles, appears 
to have resulted in a fair degree of acclimatization. 

It is recognized, however, that resistance to the force of gravity varies consid- 
erably in different individuals, and in the same person at different times. Some show 
S3mcopal attacks readily, or suffer various ptoses, or varicosities; rather frequently 
under stressful conditions, in older age groups and others, a position of recumbency 
becomes desirable or necessitous. Vfliile as human beings we have achieved upright- 
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ness, il is clear, wc do not retain the vertical position loo v/ell, and now and then do 
better functionally to ‘take it’ lying down! 

These disturbed body conditions, inadequacies and demands for rest indicate 
significantly the functional cost of man’s continual exposure to gravitational pull 
This ever-acting force, as in the case of applied acceleration, exerts its action on body 
fluids and visceral organs particularly. Admitted that on the whole there has ac- 
crued and is yet accruing a tremendous functional credit balancc—of manual and 
head (most importantly cerebral) freedoms — through our achievement of vcrticality, 
reflexes of supply and control still show considerable lack of competence in the sub- 
par individual, and more rugged organisms also pay their part toward orthograde 
progress. 

In examining the responses in a comprehensive group of common body states 
such as those noted above, it is clear that a .significant, aggravative reduction in the 
main arterial blood supply to the head, more than 50 % beyond control levels in many 
instances, takes place under positive acceleratory stresses. An increased knowledge 
of such sensitive reactions as those now considered should lead to a better under- 
standing of man’s age-long responses to the influence of gravitational force. 

SUltMARY 

In a number of commonly experienced bodily conditions responses to moderate 
acceleratory forces (2-3 g, 15 sec.) were considerably modified, as shown by carotid 
arterial pressure changes in the dog. Fatigue and trauma, inanition and adiposity 
decreased markedly the tolerance to g; usually the arterial pressure reductions in these 
cases were 50 per cent greater than in the controls. In certain cases of anoxia, and 
following administration of narcotics and ethyl alcohol, resistance to acceleration was 
also greatly reduced. 

Spontaneous bursts of struggling, muscular tremors after metraaol treatment, 
and also breathing of CO2 in small amounts resulted in definite impro^'ement in toler- 
ance; about I g advantage was effected in these cases. The application of cold to 
the body also was only slightly less advantageous. Tobacco smoke and alcohol given 
in small amounts were definitely not deleterious by the carotid arterial pressure cri- 
terion; in the tests with light doses of alcohol, indeed, significant benefit appeared to 
be conferred. Application of a longer abdominal or pelvic belt inflated to 150 mm. 
Hg pressure gave by far the greatest protection against g stresses. Even after se- 
verely depressing conditions of fatigue, trauma, etc., had been imposed upon the ani- 
mal, protection was well maintained. In these cases an advantage of 2 to 3 g was 
commonly observed. 

Correlation of tests on applied acceleration wdth the effects of gravitational force 
on the body is discussed. 
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RESUSCITATION FROM OBSTRUCTIVE ASPHYXIA^ 
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CHICAGO, ILLINOIS 

I N A previous paper (i) the results of a comparative study of the relative effective- 
ness of various gases and methods of artificial respiration for resuscitation 
from carbon monoxide asphjoda in dogs was reported. A significant difference 
in the incidence of immediate survival and post-asphyxial neurological sequalae was 
not found when loo per cent oxygen^ or 7 per cent carbogen (7% CO2 and 93% O2) 
was used as the gas for resuscitation. Mechanical resuscitation methods were found 
to be superior to the manual method because greater pulmonary ventilation was ob- 
tained with the former. 

This work was undertaken to determine if a difference might exist in the effec- 
tiveness of different oxygen containing gases and methods of artificial respiration for 
resuscitation from obstructive asphyxia. It was beheved that obstructive asphyxia, 
for various reasons which need not be mentioned here, might be different from carbon 
monoxide asphyxia as regards response to resuscitation procedures. For this reason 
the experiments recorded in this paper were deemed necessary. 

EXPERIMENTAL 

Determination of the Stage of Asphyxia {End-Point) at Which to Start Resuscita- 
tion. In our previous study (i) it had been shown by the study of a control group 
of dogs that the least variable and most propitious time to start resuscitation was 
on the manifestation of the first gasp or evidence of terminal air hunger. The need 
for the establishment of such an ‘end-point’ had been overlooked by previous in- 
vestigators in this field, but our data showed that it is necessary for any comparative 
study on resuscitation. 

The first step in this study, then, concerned the establishment of the best ‘end- 
point’ or stage of obstruction asphyxia at which to start resuscitation. 

In a group of experiments on 12 dogs pentobarbital anesthesia was used, and 
the femoral artery cannulated for a blood pressure record, a pneumograph attached 
to the chest, and the trachea cannulated so that it could be obstructed precisely by 
the insertion of a stopper at the end of inspiration. The time of disappearance of 
heart sounds was recorded by ausculation with a stethoscope, \\fiien all the changes 
on the kymograms were analyzed, the time of their occurrence was so varied that a 
reliable ‘end-point’ could not have been arrived at without using some 50 animals. 

Received for publication November 4, 1948. 
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It was believed tliat the variable results v.»crc due to the use of a general anes- 
thetic, the depth of the anesthesia not being readily subject to control. .Accordingly, 
local anesthesia (1% procaine) was used in all subsequent experiments. 

Under local anesthesia 19 dogs were obstructed and the time at which various 
changes occurred were recorded. The mc.an time at which the various changes oc- 
curred are shown in figure i and the ranges in table i. In each instance the resulting 
histogram was quite ‘normal' in contour. Consciousness was lost quite promptly 



Time in Seconds 

Fig. 1 


Table 1 


TIltE TROil OBSTRUCTION TO 

AV'E. 

Sec, 

RANGE 

Sec, 

TIME TROM OBSTRUCTION TO 

A^X. 

Sec, 

RANGE 

Sec, 

Loss of corneal reflex 

109 

60-1S0 

Respiratoiy arrest 

230 

100-340 

First onset of apneic 
period 

129 

60-220 

Cardiac arrest 

259 

140-380 

First onset of post- 
apneic gasp 

iSi 

100-300 

Time from first gasp 
to respiratory arrest 

48 

5-104 


and the corneal reflex was lost on an average of 1.75 minutes. Apnea, variable m 
character, frequently complete, started and was then interrupted by a series of post- 
apneic or terminal gasps; without exception the heart continued to beat after the 
cessation of respiration (fig. i and table i). 

Because the first terminal gasp was used as an ‘end-point’ for starting resuscita- 
tion in the experiments in carbon monoxide asphyxia, it was thought that this might 
be the best point at which to start resuscitation in these e.xperiments. Since it was 
less troublesome to observe the blood pressure level of 42 mm. Hg and because it 
coincided on the average with the occurrence of the first terminal gasp, it was decided 
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to use such an ‘end-point’. So in all subsequent experiments the tracheal obstruc- 
tion was removed when the blood pressure reached 42 mm. Hg. 

Results of Resuscitation Using Various Procedures. A total of 103 dogs were 
divided into five groups. In a control group of 22 dogs, the tracheal obstruction was 
removed and no other treatment was given; 32 per centsurvived. Manual artificial 
respiration in air was given to a second group of 20 dogs; 35 per cent survived. 
Mechanical artificial respiration was given to the next three groups but air was the 
gas used in one group, 100 per cent oxygen was used in the next and 7 per cent 


Table 2. Results oe resuscitation erom obstructive asphyxia 


TREAT1IEN*T 


1 

BX-OOD PRES- 
SURE, Mil. no 

DURATION 
OF OBSTR. 

TIME OF 
ONSET OF 

1st. gasp 

AFTER^ 

RESUS. 

1 

BEOOD 
PRESSURE 
AT FIRST 
GASP i 

NUMBER OF DOGS 

1 Before , 
Obstr, 1 

After 

Obstr.* 

Lived 

Died 

% Liv- 
ing 

None 

All dogs 
Survivors only 

1 

149 

155 

sec^ i 

1 

204 

187 

sec. \ 

19 

mm. Ug 

33 

■ 

15 

32 

Manual artif. 
respiration 
with air 

All dogs 
Survivors only 

143 

1 

193 

222 

213 

42 

48 

1 

13 

35 

Mechanical* ar- 
tif. Respira- 
with air 

All dogs 
Survivors only 

I 2 S I 

1 

153 

195 

193 

42 

136 

15 

1 

i ^ 

75 

Mechanical* ar- 
tif. with 

100% O2 

All dogs 
Survivors only 

126 

1 

i 

170 

H 

38 

1 

lOI 

15 

6 

71 

Mechanical* ar- 
tif. with 7% 
carbogen 

All dogs 
Survivors only 

138 

174 

124 

1 28 

1 53 

i 

' ! 

no 

17 

3 

85 


1 Alternating positive and negative pressure. * Asphyxia! rise. ® Time of onset of first 
spontaneous gasp after relieving obstruction and indicating survival. 


carbogen in the last. The percentage of animals surviving was 75, 71, and 85 per 
cent respectively (table 2). 

The difference between 32 and 35 per cent sundval on the one hand and 75, 71, 
and 85 per cent on the other is statistically significant. The vale of 85 per cent 
survival, using 7 per cent carbogen, is not significantly greater than 75 or 71 per cent, 
since it could readily occur by chance. 

DISCUSSION 

The significantly larger percentage of survivals with mechanical artificial respira- 
tion is obviousl}'- due to the fact that a greater minute volume of air flow was ob- 

® A positive and negati\'e U'pe of resusdtator was used. 
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taincd with mechanical than with manual respiration. Tliis emphasizes the impor- 
tance of getting fully oxygen-saturated blood to the heart, failing from anoxia, as 
quickly as possible. 

It is of interest to point out (table 2) that although the time of onset of the first 
spontaneous gasp after the administration of manual or mechanical respiration v,-as 
approximately the same, the blood pressure at the time of the onset of the first gasp 
was much higher when mechanical respiration was given. This might be explained 
by the mechanical massaging action of alternating positive and negative pressure 
on the heart and pulmonary circulation, as might be suggested by the observations 
of Thompson and his colleagues (2-4). However, such an observation is more likely 
due to the same factor which increased the number of sur\dvals, namely, the deliver)' 
of a better and quicker supply of oxj'gcn to the failing heart. 

suxnrARY 

Obstruction asphyxia was produced in 19 dogs to establish the range and mean 
values in the time of onset of the critical changes which follow such a procedure. It 
w'as found that the occurrence of the first terminal gasp which had been used as the 
point for starting resuscitation in our ex'periments on carbon monoxide asphyxia 
corresponded with a mean blood pressure of 42 mm. Hg. This blood pressure value 
■was taken at the point at which resuscitation would be applied to obtain comparative 
values with different methods for resuscitation. The following observations were 
made. Thirty-two per cent of 22 dogs sundved when no treatment was given. 
Thirty-five per cent of 20 dogs given manual artificial respiration in air surxdved. 
Seventy-five per cent of 20 dogs sundved when mechanical artificial respiration in 
air was used. Seventy-one per cent of 21 dogs survived ixdien mechanical artificial 
respiration with 100 per cent oxj'gen was used. Eighty-five per cent of 20 dogs sur- 
vived w’hen mechanical artificial respiration wdtli a mixture of 7 per cent CO2 and 
93 per cent O2 ivas used. The mechanical artificial respiration was more effective 
in producing a large minute volume of ventilation than manual respiration; this 
accounts for its greater effectiveness in resuscitation. The tj^pe of gas used produced 
no significant difference in the results. 
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CEREBRAL CONSTITUENTS IN RELATION TO BLOOD GASES 
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Department of Neurosurgery, Grace Hospital 

DETROIT, inCmGAN 

T he effects of hypoxia on the cerebral lactic acid and acid-soluble phosphorus 
compounds were described in a previous paper from this laboratory (i). 
It was shown that in the dog the cerebral lactic acid level begins to increase 
when the oxygen saturation of the cerebral venous blood is reduced below a critical 
level of 28 to 43 per cent, and that phosphocreatine breakdown in the brain becomes 
measurable when the cerebral venous blood oxygen saturation is reduced below 15 
to 22 per cent. 

The h5rpoxia induced in these experiments was associated with hyperventilation 
and acapnia, Gibbs, et al. (2) have maintained that the electroencephalographic 
changes induced by hypoxia (breathing 6-8% oxygen) are related primarily to the 
decrease in the cerebral carbon dioxide tension which occurs. It therefore appeared 
desirable to study the influence of carbon dioxide on the chemical changes occurring 
in the brain during hypoxia. 

In the present investigation the calculation of the oxygen and carbon dioxide 
tensions of the arterial and cerebral venous blood has been made possible by including 
measurements of blood pK in addition to the gasometric analyses. Determinations 
of cerebral glucose and glycogen have also been included in this series. 

Methods of the type employed here have been used in studies of chemical 
changes in the brain associated with convulsive activity (3, 4). In such experiments 
it is usually necessary to inject a paralyzing drug and to maintain the animal on 
artificial respiration. Under these conditions variations in the blood carbon dioxide 
and oxygen are likely to occur. It was therefore considered important to investigate 
the possible effects of such variations on the chemical pattern of the cortex, and thus 
to define the permissible limits of variation of the blood gases in studies of the effects 
of convulsants or other agents. The results indicate that the variations in carbon 
dioxide tension which are likely to be encountered in such experiments are not a dis- 
turbing influence. The oxygen tension of the cerebral venous blood should be main- 
tained above 25 mm. Hg; variations above this level appear to have no effect on the 
cerebral lactic acid or other constituents studied. 

METHODS 

The dog was given 20 mg. morphine sulfate per kg. body weight by subcutaneous injection 
A Magill intratracheal tube with a Waters-Guedel inflatable cuff was inserted. Local infiltration 

Received for pubh'cation November i, 194S. 
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witli 0,35 pi:r cenl procaine hydrochloride used for exposure rd the rladl and of the femoral 
nrtcrie.n, A trephine f)prnin« was mridc over the tuperior ragitta! rinus anfl the bone of the calvarium 
was removed over a wide area, Icavitif.; the dura intact. One femoral aricia* xvas cannulalcd for the 
nicaraircrnent of hlomi pressure. 

.Mixture.s of oxvf’en, carbon dio.xidc and nitrogen were ftiveti from .1 5-lit<;r breathing bag con- 
nected to a Eoregger iinerithesia ajrparatus. During the jjcriod of administration of the desired mix- 
ture, J3 to J4 niinutfo after it.s incejjtion, blood rpeciirsens were dra’.vn simtiftancnusly from a femoral 
artery and from the sagittal sinus. Tiic blood was collected anaerobically over mercury, with heparin 
as tlic anticoagulant. I'lic brain was then froxen in iUu witli liquid air,* exactly 15 minutes after 
the administration of the gas mi.xture was begun. The s’K'cimcns taken for anal)'?!.? included the 
accessible areas of the cortex of both hemi'jrhtre.s to a depth of approxinuatcly j cm. 

In certain cx(>eriments the arterial carl^on dioxide tension was decreased by h.vpervcnli!alion 
with air or oxygen. The animals of this group were immohilixed by intravenous injection of a 0.75 
per cent solution of dibydro-lictn-erylhrnidinc hj-drobromidc’ In phy-slokijpcai saline (r cc/l:g. body 
weight), the dose being sufficient to induce respiratory pandysis. Artificial respiration at the 
desired rate and volume was tlicn given by means of a respiratory pump. Ilbod spedmens were 
obtained after 12 to 14 minutes, and tlic brain was frozen after 15 minutes of hyperventilation. 
In this group of c.xi>crimcnts the elcctrocorticogram was recorded, from monopolar leads in the 
paricto-occipila! region. 


Blood Gases avd pH . ' The o.\ygcn content and capacit}' and the carbon dio.vicle 
content of the blood were determined by the manometric methods of Van Sh'ke and 
Neill (5). Blood p\i was determined anaerobically at 38° C. within a few minutes 
after the specimen was drawn by means of a glass electrode and a voltmeter similar 
to that described b}* Nims (6). The standard buffers used were those of Hastings 
and Sendro}'- (7), since it was desired to calculate the carbon dio.xide tension from the 
line charts of Van Slyke and Sendroy (8) based on the same pii scale. Root cl al- 
(9) have shown that these charts are applicable to dog blood. Ox>'gen tension was 
calculated from the oxyhemoglobin dissociation curv'e of blood of normal men at 
pn 7.40, the appropriate pn corrections being applied (10, ii). The ox}'hemoglobin 
dissociation cunm of dog blood does not differ significantly from that of human 
blood (i 2). It is recognized that the calculated values of ox}'gen tension at the upper 
end of the dissociation curve (above 85% saturation) are subject to certain errors and 
tend to be slightly low (13). Hoivever, the values in this upper range are not critical 
in these e.xperiments. The method is not applicable for values of o.xj'gen tension 
above 150 mm. Hg, and such values arc recorded as ‘150+’. 

Cerebral Conslilncnls. Glucose was determined on cadmium hydro.xide filtrates 
of brain (and of blood) by reduction of an alkaline ferricyanide reagent and titra- 
tion with ceric sulfate electrometrically. Traces of cadmium ivere removed from 
the filtrates by precipitation with disodium phosphate. It was found necessary to 
correct for non-sugar reducing substances, determined after fermentation by w^ashed 
yeast cells. , Glycogen was determined bj’’ the procedure of Kerr (14), wdth substitu- 
tion of the ferricyanide reduction for the copper reduction. Here the glucose reduc- 
tion factor xvas corrected for the presence of excess sodium chloride in the neutralized 
hydrolysate of glycogen. Lactic acid was determined by a modification of the 
method of Barker and Summerson (15). Inorganic phosphate, phosphocreatine and 
adenosine triphosphate were determined by methods previously described (16). 


* Kindly supplied by the Wall Chemicals Division of the Liquid Carbonic Corporation, Detroit. 
° Courtesy of Merck and Company, Inc., Rahway, N. J. 
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RESULTS 

Mor phinized Dogs Breathing A ir. Only three control animals have been included 
in this series, since a large group has previously been published (17) establishing the 
following average normal levels of cerebral constituents : lactic acid, 1 2.1 mg/ioo gm. ; 
inorganic phosphate, 7.8 mg. P/ 100 gm. ; phosphocreatine, 9.1 mg. P/ 100 gm. ; adeno- 
sine triphosphate, 19.1 mg. acid-labile P/ioo gm. (representing two phosphate 
groups) and 9.8 mg. ribose monophosphate P/ 100 gm. (representing the third phos- 
phate group) . It was also shown that the paralyzing drug dihy dro-beta-ery throidine 
hydrobromide as used in some of these experiments causes no significant changes in 
the above-mentioned constituents. 

The normal glycogen content of the dog’s brain has been established by Kerr 
and Ghantus (18), who found in a series of 22 animals values of 77 to 150 mg/roo gm. 
with an average of 108 mg/ioo gm. The values reported in table i are in this 
range, with the exception of one low value occurring in severe hypoxia. 

As shown b}'- Kerr and Ghantus (18), the glucose content of cerebral tissue varies 
with the blood glucose but is normally below the level in the blood. The values re- 



Bood Glucose, Mg'n./IOOCc. 

Fig. I. REtATiON of cerebral glucose to arterial blood glucose 

ported here are in agreement with their findings (fig. i). The blood levels are ele- 
vated by the action of morphine (19) and in some instances by hypoxia. 

Variations of Arterial Carbon Dioxide Tension in the Presence of Adequate Oxy- 
gen. Addition of 5.5 to 9 per cent carbon dioxide to air or oxygen increased the 
arterial carbon dioxide tension but brought about no significant changes in the 
cerebral constituents under investigation (table i). 

Hyperventilation with air or ox}^gen greatly decreased the arterial carbon dioxide 
tension. Although the oxygen tension of the cerebral venous blood was decreased 
to the verge of the hypoxic level, due apparently to cerebral-vasoconstriction, the 
cerebral constituents showed no significant changes e.xcept that in four instances 
the lactic acid level was increased. Tins change is to be ascribed to oxygen de- 
ficiency ratlier than to the decreased carbon dioxide tension, since in tlxree of these 
animals the blood pressure fell when the final blood samples were dravra and just 
before tlie brain was frozen; in the fourth instance (in which lactic acid was only 
slightly’- increased) the cerebral -vasoconstriction was so extreme that a sufficient 
amount of blood for analy’-sis could not be obtained from the sagittal sinus. 
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^ Increase or decrease from control level breathing air. 

-Determination of adenosine triphosphate (acid-labile and ribose monophosphate) reveals 
normal values in aU classes of experiments except under the circumstance of low oxygen with acapnia; 
about 25% lower than normal values were obtained under this circumstance. 

^ Blood pressure decreased to a low level after blood specimens obtained. 
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Extreme degrees of hyperventilation in these morphinized animals induced only 
slight changes in the electrocorticograms. 



5 10 15 20 '10 20 30 40 50 60 7D 
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Fig. 2 . Relation of cerebral lactic acid to percentage of oxygen respired and to oxygen 
tensions of arterial and cerebral venous blood. Effects of adding 5 to 6% carbon dioxide to the 
respired gas mixture. 



Fig. 3. Relation of cerebral phosphocreatine and inorganic phosphate to percentage of 
oxj'gen respired and to oxygen tensions of arterial and cerebral venous blood. Effects of adding 5 
to 6% carbon dioxide to the respired gas mLxture. 

Hypoxia. As the oxygen in the respired air was decreased below a critical level, 
a progressive increase in the cerebral lactic acid occurred (fig. 2). In extreme 
hypoxia the cerebral phosphocreatine was partially decomposed with the formation 
of inorganic phosphate (fig. 3). These changes were definitely diminished by the 
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addition of 5 to 6 per cent carbon dioxide to the gas mixture, which improved the 
oxygenation of the arterial blood (fig. 4). This effect is not to be ascribed to the pu 
shift in the oxygen dissociation curve, since arterial oxygen tension has been plotted 
rather than oxygen saturation. 'J'hc effect of carbon dioxide on the cerebral con- 
stituents was due in large part (but not entirely) to the improved oxygenation, as 
becomes evident vdien the levels of the cerebral constituents arc plotted against the 
oxygen tension (figs. 2 and 3). The addition of carbon dioxide evidently permitted 
greater respirator)' exchange with less loss of carbon dioxide. (In some ex-peri- 
ments 5-6 per cent carbon dioxide was not sufficient to completely prevent loss of 
carbon dioxide, while in others a slight increase in carbon dioxide tension occurred, as 
shown in table i). 

When the relationship between the cerebral lactic acid and the oxygen tension 
of the arterial or venous blood is considered, it appears that apart from its effect 
on blood oxygenation the administration of carbon dioxide slightly decreased the 
extent of the lactic acid rise (fig. 2). A similar but less clearly defined effect on the 



Percent Og in Respired Gos Mixture 


Fig. 4. ErrECT or 5 to 6% 
CASCOK DIOXIDE in tho respired 
gas mixture on the arterial o.xj’gcn 
tension in hj'poxia. 


phospbocreatine breakdown is discernible (fig. 3). Improved cerebral circulation 
may have been a factor, since tlie efltects of carbon dioxide addition were more definite 
on tlie arterial side than on the venous side. However, the effects did not correlate 
well with the changes in carbon dioxide tension. No adequate explanation of the 
effects of carbon dioxide as observed on the venous side can be offered at this time. 

At the lowest blood oxygen levels, however, tlie addition of carbon dioxide ap- 
peared to be a disadvantage. Values of arterial ox)'gen tension as low as 3 and 6 
mm. Hg were attained in animals not given carbon dioxide, while with addition of 
carbon dioxide the lowest level of arterial oxygen reached was 10 mm. Hg. Three 
attempts to reach lower levels under these conditions resulted in death of the ani- 
mals. In one of these an arterial blood specimen obtained just before death had an 
oxygen tension of 13 mm. Hg and a pB. of 6.76. 

In previous studies on h3q)oxia no breakdown of cerebral adenosine triphosphate 
was observed (i). In the present series two instances of partial decomposition of 
this constituent occurred (table i). These two animals were subjected to the ex- 
treme limit of oxygen deficiency compatible with life, and probably would have ex- 




February ip4g 


CEREBRAL CONSTITUENTS AND BLOOD GASES 


155 


pired within a few minutes had the experiment not been terminated by the freezing 
of the brain. The decomposition of the cerebral phosphocreatine was almost com- 
plete, and a part of the adenosine triphosphate had suffered the loss of the first acid- 
labile phosphate group. 

The cerebral glucose and glycogen showed no significant changes during hypoxia, 
except that in one instance the glycogen was below the normal range. 

Unfortunately the electroencephalograph was not available when the hypoxic 
animals of this series were under investigation. However, in a later experiment it 
was found that the administration of mixtures containing 3-^ to 5 per cent oxygen 
and 5 per cent carbon dioxide produced high-voltage slow waves, a type of record 
indistinguishable from that produced in the same animal by mixtures containing 
6 to 7I per cent oxygen without carbon dioxide. 

COMMENT 

In a study of the metabolism of neural tissues of the cat, Craig and Beecher 
(20) measured the lactic acid production of slices of cerebral cortex. It was found 
that the rate of glycolysis increased as the oxygen tension was decreased below 140 
mm . Hg. The general shape of the curve was the same as that reported here for 
the dog brain in vivo, but the accumulation of lactate does not begin in vivo until 
the oxygen tension has been reduced to less than 25 mm. Hg in the cerebral venous 
blood and presumably is lower still in the cerebral tissue. Elliott and Henry (21) 
pointed out that with tissue slices the rate of diffusion of oxygen is a limiting factor. 
Using homogenized brain suspensions they found that the cortical cells respire at 
their normal rate, with suppression of glycolysis, at oxygen tensions as low as 4 mm. 
Hg. Glycolysis begins at lower oxygen tensions. These results appear to be in 
accord witli the findings in vivo. 

Craig (22) also observed that changes in the carbon dioxide tension influence the 
rate of gl)molysis of cortex slices. The rate was found to be higher at a carbon 
dioxide tension of 35 mm. Hg than at 7 mm. Hg at a constant ps. A further in- 
crease of carbon dioxide tension to 140 mm. Hg had no effect. On the basis of these 
experiments it was suggested that hypercapnia might induce an increase of the cere- 
bral lactic acid in vivo. However, the present investigation has shown that no such 
increase occurs, nor is any decrease induced by acapnia. The physiological sig- 
nificance of the in vitro experiments is therefore open to question in this instance. 

Gibbs, et al. (2) have studied the action of carbon dioxide in counteracting the 
effects of hypoxia in human subjects. They found that when carbon dioxide loss 
is prevented , the tolerance to low oxygen is greatly increased. It was shown that 
carbon dioxide increased the arterial and cerbral venous oxygen tensions at com- 
parable levels of respired oxj’-gen. These workers believed acapnia to be the cause 
of the high-voltage slow waves in the electroencephalogram and the associated 
clouding of consciousness which occur when 6 to 8 per cent oxygen in nitrogen is 
respired. Their data are not quite convincing on this point, however, since when the 
arterial and venous oxygen tensions are calculated it appears that the levels of oxx^gen 
tension attained were never quite as low in the presence of added carbon dioxide as 
the}' were in comparable experiments without carbon dioxide. 
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In morpliinizeti dogs hyperv'cntihtion with adequate oxygen did not cause ap- 
preciable slowing of the clcctrocorticogram such as occurs during hypo>:ia (r). Gas 
mixtures low in oxj'gcn with added carbon dioxide produced high-voltage slow waves. 
Addition of carbon dioxide to the gas mixtures had only a barely perceptible in- 
fluence on the changes in cerebral lactic acid and phosphocrcatinc at comparable 
levels of arterial or venous oxygen tension. It is concluded that in the morphinized 
dog tlic carbon dioxide tension is a factor of less significance than the oxygen tension 
in relation to cerebral function during hypoxia. 

SUSIMARY 

Cerebral tissue from morphinized dogs was obtained for chemical analysis by 
freezing in si(u with liquid air. The specimens were assayed for lactic acid, glucose, 
glycogen and acid-soluble phosphorus compounds. Blood samples obtained im- 
mediately prior to the freezing were anaUv.ed for lactic acid, glucose, oxygen, carbon 
dioxide and pji, and the tensions of oxygen and of carbon dioxide were calculated. 
The effects of variations in the respired gas mixtures were investigated. 

Variations of arterial carbon dioxide tension in the presence of adequate o.xygen 
caused no significant changes in the cerebral constituents studied. 

Hypoxia induced an increase of lactic acid and a breakdown of phosphocreatine 
in the brain. These changes were diminished when the associated acapnia was 
counteracted by adding carbon dioxide to the respired gas mixture. Tlie effect of 
carbon dioxide was due in large part to improved oxygenation of the arterial blood. 
Improved cerebral circulation and unknown factors may also have contributed. 

The cerebral adenosine triphosphate was found to remain undecoraposed during 
hypoxia until the extreme limit of tolerance was reached. At this point the phos- 
phocreatine was almost completely decomposed and decomposition of adenosine 
triphosphate began. The cerebral glucose remained in the normal range during 
hypoxia. The glycogen values also w'erc normal with the exception of one low result 
occurring in extreme hypoxia. 

In the morphinized dog, changes of carbon dioxide tension did not play a major 
role in the regulation of the electrocorticogram either in the presence or in the absence 
of adequate o.xygen. 
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EFFECT OF /VNOXIA ANO BLOOD TRANSFUSIONS ON THIS 
PRODUCTION OF POLYCV'THEMIA IN RAIBBITS^ 


RICHARD W. RANCROFl’ 

From Ihc Dcparlmcl of P/tysiolofiy, Vnhrrsily of Southern California 
J.OS AN'GF.I.KS, CALIFORNIA 

I T WAS the purpose of this study to determine the combined cfTccts of repeated 
blood transfusions in conjunction with intermittent exposures to anoxia on 
rabbits as a possible melliod for producing a Jiigh degree of polycythemia in a 
comparatively short period of time. Varj'ing degrees of j)oIycythemia have been 
produced experimentally in laboratory animals by means of anoxia (i, 2) and by the 
administration of cobalt (3, ^j). The possibility of artificially inducing a poly- 
cj^themic condition in animals and man by the injection of red blood cell suspensions 
has been reported recently as a method for increasing their altitude tolerance (5, 6) 

Boycotl and Douglas (7), in 1909, while investigating the cfTccl of whole blood transfusions on 
rabbits, found that with repeated transfusions in the same rabbit, cacli transfusion being given after 
an interval of several days, the added hemoglobin appeared lo be destroyed at a progressively faster 
rale. Robertson (8) found that daily injections of 10 cc. of whole blood in rabbits depressed the 
activity of the bone marrow, as indicated by reticulocyte counts, and that an anemic condition 
increased the bone marrow activity. Campbell (9), working with rabbits, showed that he could 
definitely increase the tissue ox>'gcn tension, as well as increase the hemoglobin and red cell counts 
by large injections of whole blood. Wetaig and D’.^mour (5) produced a polycythemic condiU'on 
in rats by tlie injection of a suspension of rat red cells in saline. More recently. Pace ct al. (6) ha\'e 
reported that injections of a 50 per cent suspension of erythrocytes in a glucose and saline solution 
developed a polycythemia in human subjects. 


METHODS 

In the present e.xperinient, 7 rabbits were studied. Four of the rabbits were 
given repeated wdiole blood transfusions along with daily e.xposures to anoxia, and 
3 rabbits were exposed only to the anoxia. A group of donor rabbits was maintained 
as a source of blood for transfusions. 

Since the blood transfusions were administered at frequent interv'als during the 
course of the study, it w^as found convenient first to prepare both the donor and 
recipient rabbits by surgeiy so that the lateral veins on their abdomens would be- 
come greatly enlarged (10). This xvas done by tying off the inferior vena cava be- 
tween the liver and the right renal vein to a caliber of 1.8 mm. It was a simple 
procedure then to withdraw blood and to inject blood into these enlarged vessels on 
the surface of the abdomen. About two weeks were required for the rabbits to re- 
cover fully from the operation and for the abdominal veins to develop to a suitable 
size. 
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Blood tranfusions were administered daily, when possible, to 3 of the rabbits 
during the course of the experiment. Powdered heparin was used as an anti-co- 
agulant. One other rabbit received a short series of 10 transfusions during the first 
two weeks of the experiment, and then was subjected only to the anoxia for the rest 
of the study. 

The hematocrit values were measured in Wintrobe tubes which were centrifuged 
at over 2000 r.p.m. for 30 minutes. Hemoglobin determinations were made by the 
acid hematin method with a Klett-Summerson colorimeter. The bod}^ weights of 
the rabbits were determined each day and used as an indication of their state of 
health. 

The anoxia was induced by subjecting the rabbits to low atmospheric pressures 
in a decompression chamber. The rabbits were exposed to the anoxia for 16 hours 
each day, 5 days a week. The simulated altitudes ranged from 18,000 to 32,000 feet, 
depending on the health of the rabbits and the degree of polyc3’’themia that de- 
veloped. The rabbits remained at ground level over the week-ends whicli permitted 
a certain amount of recuperation. 


RESULTS 

When blood transfusions were administered to 4 rabbits in conjunction with 
exposures to low atmospheric pressures, the hematocrits increased from aii average 
normal value of 39.1 per cent to an average maximum value of 84.1 per cent in an 
average of 48.8 days. The maxima ranged between 80 per cent and 90.2 per cent. 
The hematocrits of 3 rabbits that were subjected to only the anoxia, and which re- 
ceived no blood transfusions, increased from an average normal value of 41. i per 
cent to a maximum of 72.0 per cent in 68.3 days. The maximum hematocrit values 
ranged between 67.2 per cent and 7S.3 per cent. 

Typical results of the experiment are shown in figures i, 2, and 3, which are the 
graphic records for two rabbits that received both blood transfusions and anoxia 
and one rabbit that was subjected only to the anoxia. Figure i is the record of a 
rabbit that was intermittently exposed to reduced atmospheric pressures for a period 
of 135 days (approximately 1296 hours at altitudes between 18,000 and 32,000 feet). 
The effect of the blood transfusions on tliis rabbit was shown by the immediate in- 
crease in both the hematocrit and hemoglobin values when the transfusions were 
administered and moderate decline of them at the end of the series of transfusions. 

Figure 2 shows the results that were obtained by intermittently exposing a 
rabbit to anoxia for a period of 175 days (approximately 1280 hours at altitudes of 
18,000 to 32,000 feet). Since the blood transfusions were continued at frequent 
intervals throughout the study, the hematocrit and hemoglobin values remained at 
high levels. On the 88th day, when the hematocrit value for this rabbit was 90.2 
per cent, the exposures to anoxia and the transfusions were stopped for a while, be- 
cause of a marked loss in body weight. During this period of recuperation the hema- 
tocrit decreased to 70 per cent and then increased to over 80 per cent when the anoxic 
stimulus and transfusions were resumed. The health of the rabbit did not improve 
adequately, and it died on the 175th day of the study. 

The effect of anoxia alone in producing polycythemia in a rabbit is shown by 
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figure 3. This rabbit was exposed intermittently to reduced atmospheric pressures 
for a period of 99 days (approximately 613 hours at altitudes of from 19,000 to 25,000 
feet). The hematocrit and hemoglobin values never reached the high levels that 
were obtained with the combined actions of anoxia and blood transfusions. 

In general, the hematocrit and hemoglobin values tended to increase and decline 
in equal proportions as a result of both the anoxia and blood transfusions, which 
agrees with the conclusions of Van Liere (ii) regarding the relationship between the 
hemoglobin and erythrocytes. 

The growth of the rabbits, as shown by their body weight determinations, was 
inhibited in varying degrees by the combination of anoxia and blood transfusions. 



Fig. 3. Effect of anoxia only on the hematocrit, hemoglobin and body weight of a rabbit. 

and by the anoxia alone. The rabbits either failed to gain weight or actuall}'- lost 
weight when they were subjected to the anoxia and transfusions, and if these were 
stopped the body weights increased. 

The general health of the 4 rabbits that were given the blood transfusions ap- 
peared to deteriorate progressive!}’’ during the course of the experiment, and in each 
case the study of these rabbits was terminated by their deaths. They died in 26, 
49, 136, and 177 days, respectively. At these times their hematocrits were all above 
80 per cent. Their body weights were well belov/ the original levels and they all 
had an emaciated, apathetic appearance. It is interesting to note that the blood 
urea that was determined for one of these rabbits at this time was over 400 mg. per 
cent. 
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On the Ollier liund, all of llic a rahljits that vrerc exfvmd only to the anoxia sur- 
vived tin; experiment. Although their grov.i]) was inhibited, tlicy did not appear to 
be in a partieulariy unhenithy condition. Their licmatwjrit values were not as high 
as tiic transfused rabbits, but nevertheloss their hematocrits had incrosed an average 
of approxinintely 75 per cent above their original levels, 

i lie ability of the rabbits to v.itbstaml excessively liigh altitudes was shov.’n by 
2 rabbits that were repeatedly subjected to altitudes above 27,000 feel during their 
daily lO-hour exposures (hgs. x and 2). These two rabbits surxdved si.x i6-hoiir 
exposures above 30,000 feet, one of which was at 32,000 feel. Thorn cl ah (2) in 
XQ42 showed that normal rabbits, when subjected to a simulated altitude of 25,000 
feet for four hours, had a mortality rate of apjiroximatcly 75 per cent with most of 
the fatalities occurring during the first or second exposure, 

I'hc results indicate that the combination of anoxia and blood transfusions in- 
creased the number of red cells and the amount of hemoglobin to a greater extent 
and in a shorter period of time than just the anoxia alone. This suggests that by 
limiting the transfusions to a number just sudicicnl to produce this immediate in- 
crease and by maintaining the poh'cythcmia with only the anoxia, the health of the 
rabbits could be preserved much better than with the continued transfusions. 


strxfMAnY 

Blood transfusions combined with exposures to anoxia produced a higher degree 
of polycythemia than the anoxia alone. However, the administration of blood trans- 
fusions was more detrimental to (he health of (he rabbits than was the anoxia alone, 
and continued transfusions resulted in the death of the rabbits. .Altitude tolerance 
of the rabbits increased as the hemoglobin and hematocrit values increased, regard- 
less of whether the polycythemia was produced by anoxia alone or by blood trans- 
fusions and anoxia. 
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EFFECT OF EXTRACELLULAR ELECTROLYTE DEPLETION 
ON BRAIN ELECTROLYTE PATTERN AND ELECTRO- 
SHOCK SEIZURE THRESHOLD^ 

EWART A. SWINYARD2 

From ilie Departmenl of Pharmacology, University of Utah College of Medicine 

SALT LAKE CITY, UTAH 

D ARROW and Yannet (1-3) have shown in cats that extracellular electrolyte 
depletion produced by placing isosmolar glucose solution in tlie peritoneal 
cavity, in amounts equal to 10 per cent of the body weight, is accompanied 
by a decrease in the extracellular fluid volume and an increase in die intracellular 
fluid volume of liver and muscle tissue. In brain tissue they found no change in 
total water or distribution of water, and concluded that brain cells adjust to extra- 
cellular electrolyte depletion by releasing intracellular potassium. In all of the ob- 
servations of Darrow and Yannet the tissues were removed for analysis 24 hours after 
the experimental procedure. 

In the course of employing the technic of Darrow and Yannet we observed that 
a marked reduction occurs in electroshock and chemoshock convulsive thresholds in 
the first 4 hours and that thresholds returned well toward normal in 24 hours (4, 5). 
Therefore we investigated the changes in water and electrolyte distribution in brain 
occurring within the first 4 hours in order to observe early changes which might be 
associated with altered brain function. 

METHODS 

Adult male albino rats obtained from the Carworth farm and maintained on a 
stock diet were used. Food and water were withheld during the experimental period. 
The electroshock threshold was determined with an Offner 60-cycle alternating cur- 
rent apparatus utilizing Spiegel corneal electrodes (6). The details of this procedure 
have been published in full elsewhere (4). 

To produce changes in seizure threshold and in electroUte and water distribution, 
5.5 per cent glucose solution was injected intraperitoneally in a dose of 10 cc/ioo 
gm. body weight. The fluid was withdrawn at the end of 2 or 4 hours. In some ex- 
periments electrolyte was subsequent!}’’ replaced by injecting intravenously the 
requisite quantity of sodium chloride in a 20-per cent solution. 

Animals were decapitated for tissue analysis 10 minutes after intravenous in- 
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jcclion of 0.2 cc. heparin solution. The cerebral tissue was separated from the re- 
maining brain by extending the longitudinal fissure into the lateral ventricles. The 
isolated hemispheres were blotted free from blood and spinal fluid and placed in a 
tared weighing bottle. Hemispheres from 2 or 3 rats were pooled. Blood of the 
same animals was likewise pooled. 

Plasma specific gravity was determined by the falling drop method of Barbour 
and Hamilton (ro). Weighed samples of plasma and cerebral corle.x were dried to 
constant weight at io5°C. and the total water calculated by dilTcrence. Chloride 
was determined by the method of Van Sljdce and Sendroy (8). In the case of brain 
chloride preliminar}' alkaline digestion described by Sunderman and Williams (9) 
was used. For determination of sodium and potassium, o.i gm. of powdered dr}' 
brain tissue or i.o cc. of plasma was transferred to a platinum crucible, moistened 
with 4 K H2SO4 and dry ashed at 500 °C. for S hours. The residue was dissolved in 
concentrated HCl, evaporated to dr}’’ness at 8o'’C., dissolved in the appropriate vol- 
ume of water and analyzed by means of a Perkin-Elmer flame photometer (model 18). 
Reproducible results were obtained with this instrument when the gas and air pres- 
sures were properly adjusted and the instrument frequently calibrated with standards 
having electrolyte concentrations in the range of the samples being analyzed. The 
details of these adjustments have been described by Hald (7). Although these pre- 
cautions were observed, it was difficult to determine plasma potassium accurately 
because of the high concentration of sodium present. 

The concentrations of water and electrolyte in the extracellular (chloride space) 
and intracellular (chloride-free gpace) fluid compartments of cerebral cortical tissue 
were calculated by the method described by Hastings (12, 13). 

RESULTS 

The observed changes in electroshock threshold, specific gravity, and water 
and electrolyte distribution in plasma and cerebral cortical tissue which followed 
electrolyte depletion, replacement and spontaneous recovery are shown in table i. 
The electroshock thresholds were determined in 53 rats. Water and electrolyte data 
were obtained from the analyses of pools of the brain and plasma of 30 groups of rats, 
distributed as shown in the table. 

It may be seen tliat four hours after the intraperitoneal injection of isosmolar 
glucose the threshold for minimal electroshock seizures is lowered from 27 to 12 m.a. 
If at this time the calculated amount of electrolyte withdrawn by paracentesis is 
replaced by an intravenous injection of 20-per cent sodium chloride solution, the 
threshold rises to 15 per cent above normal within 30 minutes. If no replacement 
is attempted the threshold slowly rises and is almost normal after 24 hours. 

The decrease in plasma water is maximal by the end of 4 hours. This decrease 
is accompanied by an increase in specific gravity of the plasma. According to Moore 
and Van Slyke (ii) the specific gravity of plasma is a linear function of its protem 
content. Therefore, the decrease in plasma water must be accompanied by an in- 
crease in plasma protein. The consequent decrease in the Donnan factor results in 
a greater loss of chloride (19.2%) than sodium (17.3%) from the plasma. Con- 
siderable but incomplete spontaneous recovery occurs by the 24th hour. However, 
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plasma sodium and chloride concentrations arc normal 30 minutes after the intra- 
venous replacement of lost clcctrol3’'te with the calculated amount of sodium chloride, 
but the potassium concentration is reduced to less than normal. 

In brain, the loss of extracellular electrolyte produces a decrease in the quantity 
of sodium, chloride and potassium. 'J'hc deficit in sodium and chloride is largely 
restored after a 24-hour recovery period or within 30 minutes following replacement 
of lost electrolyte. The brain potassium is further reduced during the period of 
spontaneous recovery, and is only partially restored 30 minutes after the replacement 
of electrolyte with the requisite quantity of sodium chloride. There is no significant 
change in the total brain water content during electrolyte depletion or spontaneous 
recover}'. However, 30 minutes following the molar replacement of depleted extra- 
cellular electrolyte with sodium chloride, a slight but significant reduction in total 
brain water occurs. 

In order to determine the distribution of water and electrolyte in the intra- and 
extracellular spaces, we have used the calculations described by Hastings (12, 13). 
These calculations are based on the assumption that chloride space may be estimated 
from the concentration of chloride in plasma. It is well known that chloride space 
is not identical with the extracellular space, but several investigators (13-15) have 
concluded that volume changes in the two spaces are parallel. Therefore, chloride 
space offers a reliable index for estimating directional changes in the volume of extra- 
cellular fluid. The results of these calculations are shown in table 2. 

Most of the obser\'ed alterations in water and electrolyte distribution arc not 
closely correlated ^\dth the changes in convulsive threshold. The data show that a 
small but not significant increase in total brain water occurs concomitantly with a 
decrease in electroshock seizure threshold and, conversely, a decrease in total brain 
water is associated with a return of electroshock threshold to normal and above. 
However, the parallelism between the change in volume of total brain w'ater and the 
electroshock seizure threshold is not immutable. Witliin 24 hours after extracellular 
electrolyte depletion the brain loses more water than it had initially gained, but at this 
time the electroshock seizure threshold is still approximately 20 per cent below nor- 
mal. 

The electroshock seizure threshold is not closely correlated with the intracellular 
fluid volume and is independent of the extracellular fluid volume. As shown in 
table 2, extracellular electrolyte depletion sufficient to reduce seizure threshold by 5 ^ 
per cent significantly increases brain cell volume. However, 24 hours after extra- 
cellular electrolyte depletion the intracellular fluid volume is back to normal, but 
the electroshock seizure threshold is only 80 per cent of normal. Extracellular fluid 
volume is reduced as a result of extracellular electrolyte reduction and returns to 
normal after a 24-hour recovery period. Extracellular fluid volume is increased fol- 
lowing electrolyte replacement. However, we have previously shown (4) that the 
extracellular fluid volume may be greatly increased by the oral administration of 
isotonic sodium chloride solution without significant change in seizure threshold. 

Loss of extracellular electrolyte is accompanied by a significant decrease in brain 
intracellular potassium. The potassium concentration continues to fall during the 
24 hours following extracellular electrolyte loss, although seizure threshold returns 
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toward normal. No evidence is found in these data to indicate any clear relation 
between intracellular cation concentration and electroshock seizure threshold. 

Of all the factors studied, e.vtraccllular sodium and chloride concentrations 
showed the best correlation with electroshock threshold, as may be seen in tables i 
and 2. Further cxj)crimcnts will be needed to isolate the separate role of these two 
jons. 


DISCUSSION' 

Unfortunately one cannot be certain that present methods of analysis give even 
a relative estimate of intracellular fluid volume. The extracellular space of brain, 
when determined rapidly (8 minutes) with radio-active sodium, is less than 5 percent 
of the total brain water (16). If adequate time is allowed for the radio-active sodium 
fully to equilibrate (17 hours), the extracellular space is found to be 30 per cent (17). 
This latter figure is in agreement with the extracellular x'olumc estimated from the 
sodium or chloride concentration. However, Toman and Goodman (iS) have sug- 
gested that estimation of e.xtraccllular space from sodium or chloride concentration 
might be invalidated by the possibility' that some cells (glia?) contain sodium and 
chloride. The existence of an extracellular electrolyte pattern within such cells 
would compromise the indirect methods used to measure the volume of tliose remain- 
ing cells (neurones?) wJiich arc postulated to be relatively free of both sodium and 
chloride. 

It can be seen from table 2 that potassium leaves tlie calculated intracellular 
space when external sodium is low, and returns when the sodium concentration is 
restored to normal. This behavior with respect to potassium is typical of muscle, 
kidney and other body cells, but these cells apparently differ from brain in that they 
shrink or swell in accordance with changes in the extracellular sodium concentration 
(ig). Perhaps entirely new technics or approaches will be required to determine 
whether cerebral neurones undergo corresponding volume changes in response to 
alterations in extracellular electrolyte concentration. 


SUXIM^VRY 

Data are presented showing the distribution of water, sodium, potassium and 
cliloride in the plasma and brains of rats subjected to acute extracellular electrolyte 
depletion and subsequent replacement, and the relation of tliese alterations to con- 
comitant changes in electroshock seizure threshold. Although it was not possible 
from these data to identify definitively those aspects of water and electrolyte balance 
which determine the reduction in electroshock seizure threshold, the following tenta- 
tive conclusions are drawn; i) The electroshock seizure threshold is not closely 
correlated with total brain water or the calculated intracellular fluid volume, 2) 
The electroshock seizure threshold is independent of the volume of extracellular 
fluid, 3) The electroshock seizure threshold is independent of the intracellular 
potassium concentration. 4) The electroshock seizure threshold is more closely 
correlated with extracellular sodium and chloride concentration than with other 
factors examined. 



February iQ4g 


BRAIN ELECTROLYTES AND SEIZURES 


169 


REFERENCES 

1. Yannet, H. Am, J. Physiol. 128: 683, 1940. 

2. Yannet, H. and D. C. Darrow. J. Biol. Chem. 134: 721, 1940. 

3. Darrow, D. C. and H. Yannet. J. Clin. Invesligalion 14: 266, 1935. 

4. Swinyard, E. a., j. E. P. Toman and L. S. Goodman, J. N euro physiol. 9: 47, 1946. 

5. Swinyard, E. A., J. E. P. Toman and L, S. Goodman. Federation Proc. 5; 205, 1946. 

6. Spiegei,, E. a. j. Lab. & Clin. Med. 22: 1274, 1937. 

7. Hald, P. N, j. Biol. Chem. 167: 499, 1947. 

8. Van Slyke, D. D. and J. Sendroy, Jr. J. Biol. Chem. 58: 523, 1923. 

9. SUNDERMAN, W. F. AND P. WILLIAMS. J. Biol. Chem. 102; 279, 1933. 

10. Barbour, H. G. and W. F. Hamilton. J. Biol. Chem. 69: 625, 1926. 

11. Moore, N. S. and D. D. Van Slyke. J. Clin. Investigation 8: 337, 1930. 

12. Hastings, A. B. and L. Eichelberger. J. Biol. Chem. 117; 73, 1937. 

13. Manery, j. F. and A. B. Hastings. J. Biol. Chem. 127: 657, 1939. 

14. Fulton, J. F. EowdVs Textbook 0} Physiology. Philadelphia, Pa,: Saunders, 1946. 

15. Winkler, A. W., J. R. Elkinion, J. Hopper, Jr. and H. E. Hope, J. Clin, hivestigation 23: 
103, 1944, 

16. Manery, J. F. and W. F. Bale. Am. J. Physiol. 132: 215, 1941. 

17. Woodbury, D. M. Unpublished observations. 

18. Toman, J. E. P. and L. S. Goodman. Proc. Assoc. Res. Nerv. & Ment. Dis. 26: 141, 1946. 

19. Conway, E. J., 0 . Fitzgerald and T. C. MacDougald, J. Gen. Physiol. 29: 305, 1946. 



OXYGEN CONSUAIPTION CORRELATED WITH THE 
THERIMAL REACTIONS OF YOUNG RATS TO 

ERGOTOXINE* 

J. E. ROBERTS, BENJAMIN E. ROBINSON axd A. R. BUCHANAN 
From ihc Dcparlmail of Anatomy, University of Colorado Medical Center 

DEN^'KR, COLOIL\nO 

T HERAIAL responses to the alkaloids of ergot have been studied by numerous 
investigators, and the results reported have shown considerable qualitative 
and quantitative variation. Rather extensive reviews of the literature have 
been made by Barger (i) and White (2). Ergotoxine has quite consistently produced 
hj'perthermias in the rabbit (2-6). Githens (5) obser\'ed hj'pothermic reactions in 
7 mice, and White (2), in some 600 mice, always obseived a fall in temperature when 
the dose was at all effective. Whereas ergotamine has been shown by Rothlin (3) 
to produce hypothermic reactions in small doses and hj-perthermic reactions in large 
doses in the same species (rabbits), ergotoxine always produces h>’perthermia with 
an effective dose. The present report will be confined to ergotoxine, since the authors 
feel that attempts to extrapolate the results in terms of ergotamine should be made 
with great caution. 

The reactions of albino rats to ergotoxine have been investigated in connection with other studies 
of temperature regulation in this species and initial hj-pcrthcrmic reactions have been consistently 
observed in adult animals of Wistar and Denver University strains following intrapcritoneal adminis- 
tration of 4.5 mg. of ergotoxine cthanesulfonatc per kilogram of body weight when the enwron- 
mental temperature was 28° to 3r°C. (7). These results are not in agreement with those of Githens 
(s), who reported hypothermic responses in 8 rats following subcutaneous injections of 4.0 mg/kg. 
of ergotoxine phosphate. Some of the factors which arc possibly responsible for the discrepanc}’ 
between our results and those of Githens hjive been discussed previously (7). 

The action of ergotoxine on the thermorcgulator3’ centers in the hypotlialamus has been ac- 
cepted generally as being the primary mechanism responsible for the h>'perthermal reaction (8). 
That this is a valid opinion is supported by the observations that the drug produces varjnng degrees 
of hypothermia in young rats and hyperthermias in those animals that have attained the age range 
within which the h3rpothalamus is well myelinated and thermoregulation has become efficient (9)- 
The effect of ergotamine on oxj'gen consumption has been investigated both clinically and in 
experimental animals, chiefly because of the former interest in the therapeutic use of tlie drug m 
hyperthyroidism. This literature has been reviewed carefully by Barger (i) and the present authors 
subscribe to his opinion that, since ergotamine differs from ergotoxine as regards thermal effects in 
certain species, the metabolic effects may also be different. 

In his review of the literature, Barger found only the work of von Euler (10) to be related to the 
effect of ergotoxine on tissue metabolism. This investigator, using minced frog muscle, found that 
ergotoxine brought about the most rapid decolorization of methylene blue at a concentration of 
io~“. It appears from this work that ergotoxine may directly stimulate dehydrogenase activity m 
muscle. In a perfusion experiment using the isolated hind limb of a dog, von Euler (ii) observed 
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complete inhibition of the metabolic stimulating effect of adrenalin; this was indicated by the observa- 
tion that the 20 per cent increase in oxj'gen consumption produced by perfusion with a con- 
centration of adrenalin, was superseded by a slow decline in oxygen consumption in the presence of 
ergotoxine. Other than those mentioned above, the authors are aware of no report on oxygen con- 
sumption as affected by ergotojdne. 

The present study of oxygen consumption represents an attempt to determine 
the relationship between metabolic and thermal responses to ergotoxine. It seemed 
that oxygen consumption in animals of both pre- and post-regulatory age ranges 
should be investigated since the former have been shown to react to ergotoxine with 
varying degrees of h3^othermia and the latter with h)^erthermia. 

MATERIALS AND METHODS 

Four litters of Wistar strain and 2 litters of Sprague-Dawley strain albino rats 
were studied at ages ranging from 12 to 37 days. Each animal was given a single 
intraperitoneal injection of ergotoxine ethanesulfonate (4.5 mg/kg, from a solution 
prepared by dissolving i mg. in 2. cc. of 6.25% ethyl alcohol), after which temperature 
and oxygen consumption were observed for 2 hours. Individual animals from each 
of 3 litters were studied on the 12th, i6th, 20th, 23rd, and 26th days of age and from 
the other 3 litters on the i6th, 20th, 23rd, and 26th days. In addition, animals from 
some litters were studied on the 28th, 32nd, and 37th days of life. Control animals 
from one litter were studied on the 12th, 16th, 20th, 23rd, and 26th days of age. 

Temperatures during the experiments were recorded at one-mmute intervals 
from each of 2 three-unit thermopiles by means of a two-channel Brown electronic 
recording potentiometer. One of the thermosensitive elements was placed in the 
high colonic region of the animal, and the second recorded the temperature of the air 
chamber which consisted of a glass jar of 3-liter capacity. The latter thermopile 
was placed midway between the cage containing the animal and the wall of the cham- 
ber. The chamber was immersed in a water bath kept in a thermostatically regu- 
lated oven. During a given experiment the temperature change of the chamber was 
always less than i°C., and all e.xperiments were conducted at an environmental tem- 
perature range of 28.5 to 30.5°C. 

Approximately 250 grams of moist soda-lime were used in the jar to absorb the 
CO2 produced. Since it was not feasible to quantitate the CO2 produced, respiratory 
quotients were not determined. After the animal had been confined to the chamber 
a small amount of ox3''gen was admitted to the jar to replace that which had been 
initially used by the animal and to bring the oxygen concentration to approximately 
20 to 2 2 per cent. The o.xygen consumption was recorded by means of a small spirom- 
eter and long smoked belt. The mar kin g tip of the spirometer consisted of a finely 
drawn glass rod (with a small glass beaded tip) suspended from a fine watch spring. 
In general the consumption was studied during 6-minute intervals and oxygen was 
readmitted to the chamber at 6-, 12-, or 18-minute intervals, depending upon the rate 
of consumption of the animal. Slight changes in chamber temperature and conse- 
quent gas volume changes were corrected for by reading the temperature change in 
the inten^al and utilizing an experimentally determined constant. Following an 
obser\fation on normal temperature and oxygen consumption, the intraperitoneal 
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injection was made without removing the thermocouple from the animal, so that en- 
suing obscrx'ations began very soon after injection and without additional trauma. 

An estimate of respiration was obtained in the older animals by observing the 
change in the meniscus of a partially filled tube. The end of the tube was in the 
bottom of a small flask partially filled with water. The air line from the chamber 
passed into this small flask and then to the spirometer. 

The average decrease in temperature in prc-rcgulatorj’’ rats during a s-hour 
intcr\'al of hj'pothermia was determined by finding the area under the time-tempera- 
ture curv'e in degree-minutes by means of a planimetcr and dbdding by 120 minutes. 
Similarly the average increases in temperature during hyperthermic reactions of 
regulator^'' animals were obtained by dividing the areas by the time the h>^erthennia 
lasted. 

O.xygcn consumption was computed for each intcr\'al in liters per square meter 
per hour, by using the surface area formula, A = 9.0 where A is the area in 

sq. cm. and W the weight in gms. Average increase or decrease in o.xj'gen consump- 
tion was computed by the same method as that described above for temperature 
changes. This average change was then computed in terms of percentage of normal 
consumption in the same animal where normal consumption was taken at 100 per 
cent. 


RESULTS 

Within litters, animals manifested hypothermias with ergotoxine up to an age 
ranging from 20 to 28 days, after which hyperthermias became manifest. Animals 
of a given litter older than the first animal displaying h>q>ertliennia always displayed 
hyperthermias. As previously reported (13, 9), this corresponds with the age range 
in which regulation against cold in Wistar strain animals has been shown to become 
efficient. Typical thermal and oxygen consumption reactions of Wistar strain ani- 
mals at 16 and 26 days of age are shown in figure i, together with records of controls 
of the same ages. 

In the 4 litters of Wistar strain animals the hypothermias following administra- 
tion of ergotoxine were accompanied in eacli case by decreased oxygen consumption. 
The degree of h3q)othermia was, in general, directly related to the degree of decreased 
metabolism, as indicated by the experimental values and the least squares line shown 
in the third quadrant of figure 2. 

The h5rpothermias were, in general, associated with decreased muscular activity, 
while hyperthermias were associated with considerable increase in muscular activity. 
The 12- and 16-day old animals, as a rule, reacted wdth greater h3qjothemiic reactions 
and greater decreases in oxygen consumption than did older animals in the pre- 
regulatory group. 

The young animals of the Sprague-Dawley strain did not show a correlation of 
decreased oxygen consumption accompanying the hypothermias. In fact, 4 of the 
young animals of this strain had slight increases in ox3’-gen consumption during rather 
marked hypothermia (second quadrant of figure 2). 

Hyperthermias were found to have a linear relation to increased oxygen con- 
sumption in both strains of rats, as indicated by the experimental values and the 
least squares line in the first quadrant of figure 2. One observation was not included 
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in the regression line; this was the point i.i7°C. and 208 per cent oxygen consumption. 
The hyperthermias were consistently accompanied by increased amplitude of respira- 
tion; this was considerably greater than changes in respiration observed in control 
animals under the same conditions. 


DISCUSSION 

Herrington (12) has shown that metabolism in rats is at a minimum level when 
their environmental temperature ranges between 28.5° and 30.5°C. The temperature 
range of the chamber utilized for the present investigation was maintained within 


Fig. I. Typical thermal 

AND OXYGEN CONSUMPTION RE- 
SPONSES of 16- and 26-day rats 
given intraperitoneal injections of 
ergotoxine (4.5 mg/kg.), and those 
of litter mate controls. The ver- 
tical broken line emphasizes the 
fact that the temperature of the 
26-day-old rat had returned to 
normal while the oxygen consump- 
tion was elevated approximately 
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this range and it has therefore been assumed that oxj^gen consumption in our rats 
was little, if at all, influenced by environmental temperature. 

Hj^othermic reactions of Wistar strain animals appear to be significantly re- 
lated to decreased oxygen consumption as indicated by the application of an F test 
which gave a value for P of approximately o.oi when the linear regression of the least 
squares line was compared w’ith the variance about the regression line. The de- 
creased oxygen consumption does not necessaril}’’ indicate that the drug interferes 
with metabolism for, by the independent operation of \'an’t Hoff’s Law, it could have 
resulted entirel}’’ from the decrease in body temperature. The relation of changes in 
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body icmpcrauirc to metabolic rate has been studied by DuBois (14) in 182 human 
eases of 'Jietcrogcncoiis fevers’; he arrived at an average reaction rate constant of 2.3 
which represents a change in metabolic rate of 13 per cent for each degree (C.) change 
in body temperature. In our Wistar strain rat.s the pcrccntatage change in metabolic 
rate per degree (C.) change in temperature was 11.8 per cent; this value is obviously 
so near that of DuBois, referred to above, that a definite statement regarding direct 
interference with metabolism b}'' ergotoxine cannot be made. Decreased activity 
might be considered as a possible factor in the decreased metabolism of these ergo- 



-2 >•/ o y/ 

Change IN Tchpekatvke: “C 

Fig. 2. The eeast squares regression line in the first quadrant represents the relation 
of increased body temperature to increased o.xygcn consumption (Wistar strain: dots, Sprague- 
Dawlcy strain: circled dots). The least squares line in the third quadrant was found from values 
of Wistar strain animals of preregulatory age range. The preregulatory Sprague-Dawley rats 
showed lack of correlation of hj'pothermia and decrease in oxygen consumption. The broken line 
represents the relation between the variables that might he anticipated from the independent 
operation of van’t Hofi’s Law. 

toxine-treated rats but this appears to be contraindicated by the fact that they exliibit 
pronounced hypersensitmty to sound and touch. 

The hypothermic responses in Sprague-Dawdey rats were accompanied by vari- 
able oxygen consumption values (fig. 2). The 4 points in the second quadrant of 
figure 2 indicate a stimulation of metabolism with concomitant increase in heat loss 
while the 3 points in the third quadrant illustrate essentially the same types of re- 
sponse displayed by Wistar strain rats. 
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The hyperthermias, in all cases except one, showed an essentially linear relation 
to oxygen consumption (fig. 2) as indicated by the least squares regression line slope 
of 32.5 per cent per degree (C.). The regression is highly significant, for P was found 
to be less than o.oi by the test mentioned above. Since this regression line has a 
slope 2.5 times as great as that which would be anticipated on the basis of operation 
of van’t HoS’s Law (with the constant mentioned above), it appears that the hyper- 
thermias result from increased heat production through a primary stimulation of 
metabolism. The extent to which increased muscular activity may be a factor in the 
increased metabolism has not been accurately determined. 

It has been assumed that the hyperthermias produced by ergotoxine are due 
both to increased heat production and decreased heat loss (5, 8). The conclusion of 
Githens (5) that the 'coldness of the skin’ (in rabbits) suggests reduced heat dissipa- 
tion is supported by evidence of direct vasoconstrictor action of the alkaloids on 
peripheral vessels (3). Panting, however, is of primary importance in heat dissipa- 
tion in furred animals, as has been shown by DiU el al. (15) and others. Polypnea 
has been observed by White (2) during hyperthermias induced in rabbits by ergo- 
toxine, and this author states that the resultant dissipation of heat may account for 
the variability of hyperthermic responses. In the present experiments dissipation of 
heat through increased respiration appears to outweigh any heat conservation that 
may result from vasoconstriction. This was indicated by the observations in nearly 
all cases that when body temperatures had returned to normal the o.xygen consump- 
tion was still elevated as much as 40 per cent (20% in the 26-day-old animal repre- 
sented by the graphs in fig. i). An extreme case of such increased heat dissipation 
is indicated in the first quadrant of figure 2, where an oxygen consumption of 208 per 
cent is associated with an elevation in temperature of only i.i7°C. 

The exact mechanism involved in stimulation of metabolism by ergotoxine has 
not been established. Githens (5) found that ergotoxine hyperthermias were dimin- 
ished but not abolished by curare and that, while decapitation did abolish hyperther- 
mia, increased muscular activity was still present. Since increased muscular actmty 
without hyperthermia has also been observed in one of our 26-day-old rats (9), it 
seems that there is a metabolic stimulating effect in addition to increased muscular 
activity and that this is also dependent upon stimulation of hypothalamic thermo- 
regulatory centers. Peripheral sympathetic activity could justifiably be considered 
as a possible additional factor in increased metabolism, but ergotoxine has been shown 
to be a general sympatholytic agent (3) which specifically reverses the metabolic 
stimulating effect of adrenalin (ii). It seems probable, therefore, that hypothalamic 
centers may be capable of primary metabolic stimulation that is independent of 
muscular and peripheral sympathetic activity. 

SUMMARY 

Hypothermic responses to ergotoxine of young rats (in the pre-regulatory age 
range) were associated with decreased oxj’-gen consumptions in one strain studied 
(Wistar), but a second strain (Sprague-Dawley) displayed a lack of correlation with 
some animals showing slight increases in metabolism. Since the correlation in the 
Wistar strain represents a metabolic reaction that could have occurred through the 
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opcnition of van’t IIofT’s interference with metabolism is questionable. The 
h>’polhcrmias may be due to un.selectivc stimulaUon of beat-production and heat-loss 
centers, with the latter predominating during this age range, 

H>q)crthcrmic responses in regulating rats were closely correlated with increased 
oxygen consumption. Since the increase in metabolic rate was appro.ximatcly 2,5 
times dial which might be anticipated from the independent operation of van’t 
Hoff’s Law, a direct stimulation of metabolism must be responsible for it. Available 
evidence indicates that this metabolic stimulation is mediated through the action of 
ergotoxine on the hjqjothalamic thermoregulatorj' centers. 

The mechanisms which may be operative in the thermal and metabolic reactions 
reported have been discussed. 
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RELATIONSHIP OF HYPOTHERMIA TO HIGH OXYGEN 

POISONING'-" 

MILTON S. GROSSMAN and KENNETH E. PENROD 
From the Department of Physiology, Boston University School of Medicine 

BOSTON, MASSACHUSETTS 

T he etiology of death from exposure to high pressures of oxygen is obscure. 
That the metabolic level of the animal is heavily implicated has been shown 
by many authors using drugs known or thought to alter metabolic rate (i). 
Severe hypothermia, with its resultant narcosis, might be expected to offer a means 
of relating general metabolic level to high oxygen toxicity in the absence of com- 
plicating factors such as anesthesia, drugs, etc. The data to be presented indicate 
a remarkably high correlation between mortality in high oxygen pressures and 
oxygen consumption in rats. 


METHODS 

Male albino rats (Wistar strain) weighing approximately 200 grams were used throughout. 
They were fasted 24 hours before the experimental period and were held during the cooling phase of 
the experiment in tightly fitting wooden boxes especially adapted for the tail and rectal thermome- 
ter. Cooling was effected by immersion to the shoulders in 10“ to i5°C. water. Temperatures 
were recorded by inserting a thermometer previously brought to within 1° of the e.xpected tempera- 
ture approximately 4 cm, into the rectum. Rats were cooled to 20®, 25® or 3o®C. in 20 to 30 min- 
utes and rubbed lightly with a dry towel. They were then immediately placed in the pressure 
chamber which consisted of a cylindrical copper tank 28 cm. in diameter and 68 cm, in length. Since 
no observation window was available the rats were in total darkness. 

Control rats (37®) were handled in three ways; a) immersed in 35° to 37® water for the same 
duration as the hypothermic rats, b) dipped in water and dried with a towel to the same extent as 
the cooled rats and c) not subjected to water before being placed in the pressure chamber. No sig- 
nificant difference was detectable in the response of the 37° rats treated in the three ways. 

SLt to 10 rats per experiment were placed in the chamber and the oxygen pressure increased 
to 5.2 (Series I) or $.8 (Series 11 ) atmospheres over a period of 15 minutes. The pressure was main- 
tained for 60 minutes and decompression to one atmosphere required 30 minutes. The chamber 
was continually flushed with a free flow of o.x}'gen to prevent accumulation of CO2. Periodic analy- 
ses of the exhaust air showed no detectable amounts of CO2 or Nc. 

Chamber temperature was maintained at 20® or 2S°C. in each series. Rectal temperatures 
of the surviving rats were determined immediately upon removal from the chamber. Arbitrarily 
10 days survival was established as the criterion of the effect of tlie high pressure of oxj'gen. It 
was found that in most instances rats which were severely affected died during, or %vithin a few min- 
utes after, the exposure. Those which survived 10 days were almost universally without symptoms. 

For determination of the metabolic level a closed circuit system was used which consisted of 
a large bell jar seated in a ring of mercuiy and attached to a Sanborn respirometer. A blower main- 
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tallied a constant drculalion of air and the CO* v/ns absorbed Iwth by the spirometer canister and 
by n ban of soda lime placed in the bell jar. aiic rats were prepared and handled exactly as dc- 
scribed above for high oxygen cxjiosurc prior to hang placed under the bell Jar in groups of five, 
nic Oj consiinijjtion was mcn.surcd over a period of 105 minutes duration of high Oi pressure 
exposure). All metabolic determinations were made at one atmosphere pressure. No attempt was 
made to determine Oj consumption under incrcar.cd pressure. Rectal temperatures of the rats were 
recorded upon removal from the rcspirator>- chamber. 


RF.SCLTS 

'J’lic sundval rate of rats cooled to initial rectal temperatures of 20“, 25° and 
30®C. and controls (37°C.) when exposed to 5.2 atmospheres 0 ; pressure for 60 min- 
utes is shoxvn in table 1. Table 2 shows tltc results of c.\'posurc of rats of the same 
initial temperatures to 5.8 atmosjdicres Oj pressure. Each of these tables is broken 


Tajilk I. Survivals or iSr rat.s r-vrosnn to 5.2 ,\Tifosviiv.Rns oxvcks pressure tor o.ve hope 
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Table 2. 

, SUR\T\'ALS OF 140 RATS E.XPOSnD TO 

5 .S ATMOSPHERES OXYGEN' PRESSURE FOR ONF. ROUE 
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20 

20 
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6 

20 

25 

3 of 19 

16 

25 

20 

3 of 12 

25 

25 

25 

3 of 23 

13 

30 

20 

3 of 12 

25 

30 

25 

I of 8 

12 

37 

20 

5 of 23 

22 

37 

25 

5 of 27 

18 


down to show the effects of varying the O2 chamber temperature from 20° to 2S°C. 
The difference in survival rate between these two chamber temperatures was not 
statistically significant (chi square = o-79)- 

Table 3 shows the results of the metabolic measurement at one atmosphere 
pressure. Oxygen consumption is e.xpressed as mg. Oi/ioo-gm. body weight, after 
the method of Krantz and Carr (2). Inasmuch as it is the O2 consumption during 
the one hour of exposure to the maximum pressure that is of primary concern the 
average figures for this period only, i.e. from 15 to 75 minutes in the metabolism 
chamber, are shown. 

No attempt was made to maintain the hypothermic rats at a given tempera- 
ture. Consequently, during the 105 minutes after the initial level was obtained the 
rectal temperatures progressively rose. Table 4 shows the rise in temperature 0 
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the surviving cooled rats (both series) in both 20° and 25°C. chamber environments 
and at one atmosphere in the metabolism chamber. The right-hand column shows 
the fall in temperature of the surviving controls (37°C.) during the same exposures. 
Several things are shown by this table, viz. i) the rise in temperature of the cooled 
rats was less and the fall in temperature of the controls was greater at 5.8 atmos- 
pheres than at 5.2°; 2 ) the rise of rectal temperature in the hj^othermic animals 
was less in a 20° environment than in a 25° environment; 5) the presence of high ten- 
sions of oxygen tended to suppress the return to normal of hypothermic rats (when 
compared with rats cooled to the same degree but maintained at one atmosphere) 
and caused a fall in rectal temperature of control rats. 


Table 3. Metabolic rate at various rectal temperatures as determined 

AT ONE atmosphere 


INITIAL RECTAL 
TEMP. 

NO. OF RATS 

ATORAGE Ol CON- 
SUMPTION PROM 

IS TO 7 S MIN. MG. 
Oj/lOO-GM. BODY MT. 

INITIAL RECTAL 
TEMP. 

NO. OF RATS 

AVERAGE Ol CON’ 
SUMPTION PROM 

IS TO 7 S MIN. MO. 
Ot/lOO-GM. BODYIVT. 

-c. 






20 

25 

89.8 


25 

187.1 

25 

25 

198.8 


25 

162.9 


Table 4. Change in rectal temperature in 105 minutes exposure to oxygen at i, 5.2 and 

5.8 ATMOSPHERES PRESSURE 


CBAMBF.R 

TEMPERATURE 

1 

CHAMBER PRESSURE, 
ATMOSPHERES 

CHANGE IN RECTAL TEMP. FROM INITIAL TEMP. OP 

SO’C. 

25°C. 

3 o°C. 

3fC. 

“C. 


°C. 

”0. 

°C. 

°C. 

20 

5-2 

+ 4*6 

+ 4-0 

0 

-2.9 

20 

5.8 

+ 2.6 

-f 1.65 

0 

-7.0 

25 

5-2 

-fii.6 

+ 6.7 

+3.8 

-2.3 

25 

S.8 

+ 7-2 

6.8 

+ 1.3 

- 3-0 

25 to 28 

I 

-J-ii.or 

+ 11-4 

+ 7-6 

0 


DISCUSSION 

It is of considerable interest that the metabolic rate of rats can be first increased, 
then decreased, by progressively lower body temperatures. Smith and Fay (3) 
reported a reduction ranging from —6 to —25 per cent in metabolic rate of human 
subjects whose body temperatures w'ere reduced to 23° to 32°C. for prolonged periods. 
Dill and Forbes (4), however, were unable to confirm this finding and reported a 
decrease in only 5 of their 22 observations on 9 human patients ranging from 25.5° 
to 3S.o°C. 

The latter authors point out that the oxygen consumption in hypothermia is 
largely a function of the degree of involuntary sliivering and voluntary muscular 
activity. Although the rat is a notably poor shiverer, the metabolic increases noted 
at 30° and 25°C. rectal temperatures would suggest that muscular actmty is in- 
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creased. Obscmition of the rats during the metabolic measurements did not reveal 
a?iy aiJparcnt increase in voiunt.iry muscular activity. Some rats were seen to 
shiver .somewhat while others remained quiet. At so^C, rectal temperature all rats 
were quiet and appeared to be almost completely narcotised. 

It is significant that a rectal temperature of 2o®C. is just 4'’C. above the usual 
lethal temperature for rats (5). Yet none of the 25 rats cooled to this temperature 
for metabolic measurement succumbed. For this reason, together with the fact 
that overall surxdval of this group was tlic highc.st of any of the hv'pothermic rats 
c-xposed to OI'IP, v/c do not consider lethality due to the cooling in any way vitiates 
our results. 

Tlic most striking factor in these data is the lugh inverse correlation (r — —0.96) 
between metabolic level and survival of rats exposed to 5.2 atmo.spheres oxygen pres- 
sure. If this finding be inlcrjirclcd in the light of the enr^jonc inhibition thcor}’’ ad- 
vocated by Stadic, Riggs and Haugaard (6), it can be said tliat metabolic cnzjane 
susceptibility to high pressures of oxygen varies directly witli the cnzjTne actinty. 
It is of interest to note, however, that environmental (body) temperature of the en- 
zymes bears no relationship to the inactivation. 

The CO2 retention theory, originally postulated by Thompson (7) appears 
tenable in the light of these data inasmuch as the CO2 production, which parallels 
the Os consumption, is so highly correlated with toxicity. However, recent obser- 
x'ations on the ability of the dog to withstand CO2 concentrations of the order of 55% 
for as long as 45 minutes (8) would appear to reopen the question of CO2 to.xicity. 

The sharp difference in survival rate of rats exposed to 5.2 and 5.8 atmospheres 
OHP is noteworthy. Apparently tlie latter pressure is so toxic to our rats that the 
beneficial effect of reduced metabolism is obscured. 

Campbell (9) reported considerable protection afforded by lower environmental 
temperature during OHP exposure. At 24°C. he had a survival rate of 54 cent 
compared with 8 per cent at 33®C. when rats were exposed to sbe atmospheres for 
30 minutes. However, it is well known that rats do not sur\dve well at one atmos- 
phere in 33®C. temperature if the humidity is high. We were unable to obtain any 
significant difference between survival rates of rats exposed to the same pressure 
in 20° and 25°C. 


SUMMARY 

' Rats cooled to rectal temperatures of 20°, 25° and 30° together with controls 
(37°) were subjected to 5.2 atmospheres (Series /) and 5 *S atmospheres (Series 11 ) 
oxygen tension for one hour. Comparable rats were cooled in the same way and 
their metabolic rate determined at one atmosphere in a closed-circuit respiroraeter. 
The correlation coefficient between survival at 5.2 atmospheres and O2 consumption 
was found to he —0.96. 

The oxygen consumptions of hypothermic rats were found to increase above 
normal at a rectal temperature of 30°, further increase at 25° and fall off sharply to 
below normal at 2o°C. The survival rate of rats exposed to 5.8 atmospheres oxygen 
tension was so low as to obscure any beneficial or deleterious effects of altered metab 
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olism. Altering the temperature of the pressure chamber from 2o°C. to 25°C. had 
no significant effect on survival rate. 

The return to normal temperature following cooling of the rats was delayed in 
the presence of high O2 tensions over what it was at one atmosphere. Also the fall 
in body temperature of the control animals exposed to high O2 tensions was greater 
than those at one atmosphere. 
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THE Tm’-ROID AND HIGH OXYGEN POISONING IN RATS' 


MILTON S. GROSSMAN akd KENNETH E. PENROD 
Prom the Depart matt of Physiology, Boston University School of Medicine 

nOSTOS*, MASSACHUSETTS 

A \TRY liigli correlation has been found to exist between the metabolic 
level as influenced by body temperature and susceptibility to high oxygen 
L. tension in rats (i). The beneficial effects of starvation hav'e been pointed 
out by several authors (2-4) and many drugs have been administered which altered 
the response (5). Campbell (6) administered 0.4 mg. ih^Toxin to rats and found 
the poisoning to be enhanced. He then th>Toidectomizcd 6 rats and found a mark- 
edly greater suiwdval. In view of the small number of animals used and the e.\*peri- 
mcntal conditions involved (environmental temperature 33°C.), it was decided to 
extend these observations by slightly different methods, 

METHODS 

^lalc rats of approximately 200 grams were divitlccl into Uircc groups of 25 each. All rats 
received ad Ubiluiii the stock Rockland Farms diet. To this was added 0.03 per cent 6-n-propyl- 
thiouracil*' * for 22 days for one of the groups and 0,12 percent desiccated thyroid powder for 8 days 
for the other group,* The third group served as controls. One rat in the desiccated thjToid group 
died on the sixth day of the diet, 2 days before exposure to the high-o.x>’gcn tension. 

Equal numbers of rats from the Uiree groups were exposed simultaneously to an ox>’gcn pres- 
sure of 5,5 atmospheres for one hour. Fifteen minutes were required for compression and 30 min- 
utes for decompression. The chamber was at all times flushed with a continuous flow of Oi to pre- 
vent any accumulation of CO;. Ml rats were fasted 24 hours prior to the experiment. Survival 
for 10 days post-exposure was arbitrarily chosen as the criterion of toxicity of tire high concentration 
of oxj'gcn. 

Metabolic rate was checked by placing the rats in groups of five in a closed-circuit metabolism 
cliambcr at one atmosphere pressure for the same length of time as they would be in the high-ox3''gen 
chamber (105 minutes). However, since the primal^' concern is the metabolic rate during the 60 
minutes of exjrosure to 5.5 atmospheres tlie average O; consumptions for this period only are shown. 
Oxygen consumption is expressed as mg. 0 ;/ioo-gm. body weight/hr. 

RESULTS 

The survival rate in the three groups of rats is shown in table i. The signifi- 
cance of the differences is apparent and it is shown beyond doubt that hypothyroid- 
ism with its concomitant lowered O2 consumption offers protection against the toxic 
effects of high concentrations of oxygen. 


Received for publication September 24, 1948. 

* The data in this paper constitute part of a thesis submitted by Mr. Grossman to the Graduate 
School of Boston University in partial fulfillment of the degree of Master of Arts. 

2 Dosages suggested by Dr. E. B. Astwood of the New England Medical Center, Boston (per- 
sonal communication). 
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DISCUSSION 

The rate of cellular oxidations is apparently closely allied to the toxic effects 
of high concentrations of oxygen. In this series of experiments the correlation co- 
efficient between O2 consumption and survival in 5.5 atmospheres O2 for one hour 
is —0.97. In a previous series wherein the O2 consumption was altered by hypo- 
thermia of the animal the correlation coefficient was —0.96 (i). 

Although Bert (7) did not believe that CO2 accumulation was an important 
etiological factor in high oxygen poisoning, more recent workers (5) are in essential 
agreement that CO2 does accumulate within the animal in large quantities and is 
probably of considerable importance. These data would seem to lend further evi- 
dence for that contention since CO2 production varies directly with oxygen consump- 
tion. 

Central nervous system involvement has been recognized since the time of Bert 
as another etiological factor in oxygen toxicity. Precisely how the C.N.S. is dam- 


Table I. Survival at 5.5 atmospheres and 02 consumption at one atmosphere 

OF HYPERTHYROID, CONTROL AND HYPOTHYROID RATS 



HYPOxnyEoiD (rROpyLTniovBACiL) 

CONTROL j 

j nVPERTnYBOID (desiccated 

thyroid) 


Oi consumption; 
mg/ioo-gm. rat 

Survivors s-S i 
atmospheres 

Oj consumption; 
mg/ioo-gm, rat 

Survivors 5.5 
atmospheres 

Oi consumption; 
mg/ioo-gm. rat 

Survivors s.5 
atmospheres 

I 

87 

4 of S 

199 

4 of S 

256 

2 of S 

s 

90 

S of S 

136 

2 of S 

179 

2 of 5 

3 

104 

4 of 5 

138 

2 of 5 

132 

I of 4 

4 

140 

4 of 5 

171 

2 of 5 

228 

2 of 5 

5 

107 

3 of 5 

170 

4 of 5 

192 

0 of 5 


Average 

Total 

Average 

Total 

Average 

Total 


106 

(80%) 

163 

(S6%) 

197 

(29%) 


aged is not known, but the contention that it is through the accumulation of meta- 
bolic end products would appear to receive support from the results herein reported. 
It is of interest to note that exposure to 5.5 atmospheres oxygen pressure for 
one hour closely approximates the LDeo for rats of our strain and age. In this 
series at 5.5 atmospheres 14 of 25 control rats survdved (56%) whereas in two pre- 
vious series 35 of $6 (62%) control rats survived one hour of 5.2 atmospheres and 
only 10 of 50 (20%) survived exposure of one hour to 5.8 atmospheres O2 pressure 
(i). 

SUiaiARY 

Seventy-five rats of approximately 200 grams each were divided equally into 
three groups. All were fed a stock diet to which was added propylthiouracil (22 
days) for one group and desiccated thyroid powder (8 days) for the second group. 
The third group ser\^ed as controls. Oxygen consumptions were determined at one 
atmosphere pressure after which the animals were e.xposed to 5.5 atmospheres O2 
pressure for one hour. The correlation coefficient between ox}'gen consumption 
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and survival rate in the three groups wis “0,97, a liighly significant figure. It is 
suggested that CO; production and accumulation is an important factor in the etiol- 
ogy of high o.vygcn poisoning. 

Five and one lialf atmospheres 0 ; pressure for one liour is considered to be the 
approximate LDto for our strain and age rats. 
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EFFECT OF VARIOUS NERVE LESIONS UPON THE BLOOD 
FLOW TO THE HIND EXTREMITY OF THE DOG^ 

L. L. SIEMS AND A. J. KOSMAN 
From the Department of Physiology, Northwestern University M edical School 

CHICAGO, ILLINOIS 

I T HAS been a general clinical impression that the blood supply to a paralyzed 
extremity undergoes a significant reduction. Solandt (i) has suggested that this 
postulated decrease may contribute greatly to the atrophy of denervation. 
Harris and McDonald (2) believe that the poor growth of limbs, which have been 
affected by anterior poliomyelitis, is largely due to an inadequate circulation to the 
extremity. These authors have removed the lumbar sympathetic chain in such pa- 
tients and have claimed beneficial effects upon limb growth in those patients who 
responded with a sustained increase in circulation. Telford and Stopford (3) have 
reported a small number of cases in which a lumbar sympathectomy has relieved the 
distress caused by an increased sensitivity to cold of extremities paralyzed by anterior 
poliomyelitis. 

However, clinical studies on the effect of denervation upon blood flow have re- 
vealed no significant differences in resting flow between the normal and paralyzed 
limbs (4-6). These findings contrast with those of Kemp, Tuttle and Hines (7) who 
observed that, in the dog, chronic denervation of a hind leg resulted in a significant 
decrease of both its blood flow and deep tissue temperature. 

The present investigation was carried out in order to obtain additional informa- 
tion concerning the role of the various components of the peripheral nervous system 
in the vascular responses of the paralyzed extremity of the experimental animal. 

METHODS AND MATERIALS 

Three groups of dogs were prepared with unilateral nerve lesions of a hind ex- 
tremity as follows, a) Ventral group: 14 animals; section of ventral roots L4 to L7 
inclusive, h) Dorsal-ventral group: 9 animals; section of dorsal and ventral roots L4 
to L7 inclusive, c) Peripheral nerve group: 12 animals; section of the sciatic femoral 
and obturator nerves at their emergence from their respective foramina. 

The choice of location of these lesions was based upon the following experimental facts. There 
is good agreement that in a variety of animals the major sympathetic outflow to the hind legs occurs 
between Tu and Lj, with an occasional contribution from L4 (see 8 for review of earlier literature, 9). 
In the dog, the major motor outflow to the muscles of the lower leg occurs between Lj and L? (10, 
ii). Thus, rhizotomies involving these segments can produce a complete paralysis of these muscle 
groups with a minimum of interference vith the sympathetic innervation. In actual practice these 
lesions also produced a considerable paralysis of the muscles of the upper leg and so, essentially, the 
animals had flail hmbs. Finall)'’, since all available evidence (12-15) indicates that the sympathetics 
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to an extremity arc contained in its mixed }>erij)hcra! ncr\’cs, appropriate peripheral nerve fcction 
should cffccl a total denervation of the limb. 

These three groups of animals, then, represented tlie following types of motor 
disability: a) Vcnlral group: loss of somatic motor inncn'ation alone, h) Dorsal 
ventral group: a combined motor and sensory- loss, c) Peripheral group: loss of both 
somatic and s)'mpathctic innervation. 

One week pre-operatively and at intcr\'a!s of 2, 4 and S weeks post-operativciy, 
temperatures of the rectum, of both gaslrocnemii and of the subcutaneous tissue over 
the dorsum of both feet were taken by- means of iron constanlan-copper thermo- 
couples, The temperatures were read with a Leeds Northrup potentiometer whose 
values were calibrated for each couple individually. I'kieasuremcnts were made every- 
15 minutes for one hour. The animals were maintained under pentobarbital anes- 
thesia at a room temperature of appro.vimalcly- 30° C. Preliminary- experiments had 
demonstrated that at lower room temperatures the rectal temperature and peripheral 
blood flow tended to drop rapidly-. 

At the end of 12 weeks tire blood flow- in both femoral arteries was determined 
by- means of the bubble flow meter (r6). Clotting of the blood was prevented by- an 
oral dose of 100 mg, of dicoumarol 24 to 48 hours before the e.vperiment and by 100 
mg. of heparin intravenously- just before the necessary- cannulation of the arteries. 
The thermocouples were set in place in the manner described above. Temperature 
and flow readings were begun 20 minutes after the arteries were connected to the 
flow meter. Three successive bilateral flow readings were taken simultaneously- every- 
10 minutes and temperature measurements every- 20 minutes over a one-hour period. 

Prior to death the e.xtent of the motor deficit was ascertained by- electrical stim- 
ulation of the sciatic and femoral ncr\-cs. Such stimulation revealed only trace re- 
sponses of the quadriceps (6 dogs), hamstrings (5 dogs) and toe flexors (12 dogs) 
of the ventral and dorsal-ventral groups only. Immediately after the animal was 
killed, both hind legs were amputated at the knee joint by- means of an ordinary band 
saw. The legs were weighed and then the muscles w-ere dissected free and weighed 
separately. 

Twenty normal dogs sen-ed as a control group to evaluate the fluctuations in 
blood flow through the femoral arteries in the same animal. Statistical analysis of 
all data was carried out by the method of paired comparisons. 

RESULTS 

A necessary preliminary to the use of any e,xperimental method should be an 
estimation of its reliability. For this purpose, the blood flow data obtained from the 
control group of normal animals were treated by an analysis of variance (table i). 
The information obtained by this analysis indicates that i) the three consecutive 
readings in the same lo-minute period are in good agreement {reliability coefficient 
= .98); 2) the method is capable of detecting differences between animals {F = 8.6); 
3) there is a significant difference between the flow readings at the successive 10- 
minute intervals {F = 8.6). Further examination of the data indicates that this 
difference is due to a progressive decrease of blood flow of approximately 20 per cent 
during the hour period. This decrease could not be correlated with changes in rec- 
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tal, muscle or subcutaneous temperatures. 4) There are no significant differences 
between the flows to the right and left legs (F = .8). The tendency for the blood 
flow to fall off during the period of observation does not invalidate this method since 
this trend affects both legs in the same direction and to the same degree. The bubble 
flow meter when used under the conditions described above, is a reliable procedure 
for the measurement of blood flow. 

A. Temperature Shidies (table 2). In the normal group there were no signifi- 
cant differences in mean subcutaneous and muscle temperatures between the right and 
left legs. There was a good correlation of temperature between the legs of the same 
animal. 

In the ventral and dorsal-ventral groups no significant differences in mean sub- 
cutaneous and muscle temperatures were observed, 2, 4, 8 or 12 weeks post-opera- 


Table I 

A. Reliability of Blood Flow Determinations 


AVER.\GED BLOOD BLOWS (CC/MIN.) OF RICHT AND LEFF FEJIOEAL ARTERIES. READINGS TAKEN 
AT lO-iUN. INTERVALS FOR 1 HR. 


NO. OF DOGS 


Omin, 

lOmin. 

20 min. 

30 min. 

40 min. 

50 min. 

CO min. 

63.4 

60,6 

S8.o 

S6.i 

54-9 

S 3-3 

SX.6 


B. Analysis of Variance 


SODRCE OF VARIATION 

BEGHEES OF 
FREEDOM 

MEAN SQtTAEES 

F RATIO 

Dogs 

18 

6 sS-o 

653-7 

61.5 

76.0 

8.6’ 

Readings at lo-min. intervals 

6 

8.6’ 

Right and left legs 

I 

.8 

1 

1 

Error 

240 


1 


Intradass correlation = 
1% level. 


6550 

6550 + 76 


.99 (Used as measure of reliability). 


* Significant at 


tively between the normal and denervated limb. Limb temperatures of the same 
animal corresponded closely. 

In the peripheral nerve group significant decreases in the subcutaneous and muscle 
temperatures of the denervated leg were observed at the 4th and at the 12th week, 
respectively. 

B. Blood-Flow Studies (table 3). In the normal group the volume flow in the 
right and left femoral arteries was essentially equal in the same animal {meati cor- 
relation = .97). 

In the ventral and dorsal-ventral groups no significant differences were observed 
in the mean femoral artery blood flow between normal and denervated legs. 

In the peripheral nerve group the mean flow through the femoral artery of the 
dener\^ated limb was 17.7 per cent less than that of the normal side. This decrease 
is significant at the 5 per cent level of probability. 

C. Leg and Muscle Weights (table 4). The mean weights of right and left legs 
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arc essentially the same in the normal dogs. In the individual animals the weights 
of left and right legs are closely correlated. Significant losses of both leg and muscle 
weight occurred in the denervated extremities of all three groups. Tlie decrease in 
leg weight can be accounted for almost entirely by the loss of muscle mass. A com- 


Tadli; 2. TKUpr.RATUan studies 



WKS. 

No. or 

POCS 

wr.A;f surcor. rrup. (*C.) 

Mcsctr. izKv , (’C.) 

tECTAl 

Torr. 

(U.) 

CHOOT 

ro.'TT- 

OPKR. 

Den. 

side 

Rt. 

Norm. 

side 

Lt. 

Diet 

•c. 

t 

ratio 

Corr. 

coefl. 

Den. 

si<!e 

Rl, 

Norm. 

side 

Lt. 

Ditr. 

*c. 

t 

ratio 

Corr, 

cotiT. 

Controls 

■ 


37-3 

37 -* 

.1 

• 7 - 

.70 

38.3 

38.3 

0 

•76 

•97 

39.1 

Ventral 


6 

3^-8 

37.3 

-•s 

1.48 

.88 

58. 0 

38.1 

— .1 

1.72 

.87 

38.2 


4 

8 

37-3 

37-5 

— .2 

.80 

•94 

38.1 

38.2 

— .1 

1-33 

.88 

38.4 


8 

10 

37 -S 

37-3 

+ .2 

1. 15 

• 76 

38.0 

3 S.J 

— .1 

r.27 

•94 

39.1 


IZ 

10 


36.9 

+ . I 

•55 

•77 

37-2 

37.2 

0 

• 29 

.92 

39-1 

Dorsal - ven- 

z 

6 

■ 

38.1 

-.3 

1.02 

.89 

38-7 

38.7 

0 

• 27 

.90 

59.1 

tral 

4 

8 

37.2 

37-4 

— ^ 

.90 

.85 

38.0 

38.1 

— ,i 

• 77 

•95 

38.5 


8 

8 

37-1 

37.2 

— .1 

‘39 

•54 

37-8 

37-9 

— ,i 

.84 

.58 

38.6 


12 

9 

37-7 

37.<5 


•32 

•93 

38.4 

38.3 

+.1 

.38 

.89 

39-5 

Peripheral 

2 

9 

37-2 

37-8 

-.6 

1.72 

.90 

38.2 

38.6 

-.4 

2.10 

.SSI 

39-5 


4 

8 

36.S 

37.6 

-.8 

2.8:* 

•79 

38.1 

38-3 


1.72 

,88 

38.9 


8 

8 

37-4 

37-'5 


1. 18 

•93 

37-9 

38,0 

— .1 

1.29 

.96 

39.1 


12 

9 

36.2 

37.6 

-1.4 

2.76' 

.84 

37-9 

38.3 

-.4 

3 - 03 * 

,82 

39-5 


Each temperature reading represents the combined mean of 5 determinations over a i-hr. period 


for the number of dogs indicated. 

^ Significant at 5% level, * Significant at 2% level. 


Table 3. Blood flow 



NO. OF 

WEAK PLOW (CXtAtnj.) 

/EATtO 

H 

GfiOTTP 

DOGS 


DeDcr\’ated 

leg 


Normal animals 

20 

Rt. hg 

60.0 

Lt.leg 

58.5 

•52 

t -97 

Ventral root section 

14 

45-7 

44.4 

•51 

.86 

Dorsal and ventral root section 

9 

49-7 

48.2 

.89 

• 99 

Peripheral nerve section 

12 

43-5 

35.8 

2.21^ 

.85 


1 Significant at 5% level of probability. 


parison of the loss of muscle weight which occurred in the three groups indicates that 
the degree of muscle atrophy w^as the same for all three. 

DISCUSSION 

The results of these experiments suggest that, in the dog, the resting blood flow 
to a denervated limb is essentially unchanged so long as the sympathetic outflow to 
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the limb is intact. The significantly lower temperatures and blood flows of the de- 
nervated limb following total (peripheral) nerve section must be considered against 
the background of the experimental conditions. The room temperature, maintained 
at 30° C., represents a warrn environment; and if vasodilatation in the extremities of 
the dog occurs in warm environments as it does in man, this state should be favored 
in the intact limb. In addition, the anesthesia with its depressing effect upon the 
central nervous system may have produced a diminution of sympathetic vascular 
tone. Therefore, the warm environment and anesthesia which may increase the 
blood flow to the normal side may not be expected to produce similar vascular effects 
upon the denervated side. 

Kemp, Tuttle and Hines (7) have suggested that the decreased blood flows which 
they observed in the peripherally denervated limbs of dogs may be due to i) an in- 
creased sensitivity of the denervated vessels to vasoconstricting agents present in the 
blood and 2) a deficiency of vasodilatation mechanisms in the extremity. In regard 
to this latter point, there is some evidence for the existence of vasodilator fibers to 
the limb muscles of the dog and cat (17, 18), although the functional significance of 


Table 4. Leg and iroscLE weights 


CROUP 


MEAN EEC 
WEIGHT (GM.) 

1 

1 

/RATIO 1 

j 

CORK, 

COEPP. 

MEAN MUSCLE 
WEIGHT (GM.) 

/RATIO 

1 

CORK. 

COEFF. 



Normal 

Denerv. 

1 


Rizht 

Left 



1 




Nonnal 

20 

0 

CO 

381 

.43 

.98 





Ventral 

14 

324 

275 

9.031 

.92 

9 J -3 

52.1 


.69 

Dorsal-ventral 

9 

364 1 

310 

5 . 4 S> 

.40 

97-7 

50-7 


-49 

Peripheral 

IZ 

378 ! 

319 

6.931 

•6s 

114.6 

58.0 

BSI 

.40 


* Significant at the 1 % ievel of probability. 


these fibers is as yet obscure. Siems, Kosman and Osborne (19) have recently dem- 
onstrated in the dog that the typical response of vasodilatation which occurs in a 
limb subjected to local heating may depend upon the integrity of its sympathetic 
supply. 

The failure of the ventral and dorsal-ventral groups to exhibit the flow and tem- 
perature changes shown by the peripherally denervated animals would indicate that 
the loss of motor function and of muscle weight per se does not result in any reduc- 
tion of resting blood flow to the limb under the conditions of the experiment. In 
this respect these animal experiments are in agreement with the clinical studies of 
Abramson et al. (5) in patients suffering from anterior poliomyelitis. Although, con- 
ventionally, blood flows are recorded in terms of unit limb volumes or weights, we did 
not follow this convention because the correlation between leg weight and blood 
flow in normal animals is exceedingly poor {r — — .23). We considered it pointless to 
express blood flow in terms of a factor with urhich it may have little or no relation- 
ship. 

It may be added that our obsen^ations on the loss of muscle weight resulting 
from tlie three t5pes of nerve lesions offer additional experimental support to the con- 
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elusion of Tower (20) that the loss of motor innervation is the only nervous factor 
directly involved in the atrophy of the contractile {wrtion of skeletal muscle which 
follows lota! denervation. 


SU.MMARY 

Unilateral nerve lesions were produced in the hind limbs of 35 dogs, falling into 
three groups, a) Ventral root section, Li to inclusive, b) Combined dorsal and 
ventral root sections, Lj to L7, inclusive, c) Peripheral nerve section. All dogs 
showed an essentially complete motor paralysis of the bind c-vlremity. 

Twelve W’ecks after the production of the initial lesion, no significant differences 
in femoral artery blood flow were obsen'cd between the normal limb and the limb 
denervated by cither a ventral or dorsal-ventral root lesion. A significant reduction 
in flow occurred, however, in those c.xtrcmitics subjected to a peripheral nen.'e section. 
It is suggested that the reduced blood flow which may be present in a peripheral 
nerve paralysis is due to involvement of the sympathetic supply. 
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OBJECTIVE EVALUATION OF TRANSFUSION THERAPY IN 

HEMORRHAGIC SHOCK^-^ 
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M. I. GREGERSEN 

From the Department oj Physiology, College of Physicians and Surgeons, Columbia University 

NEW YORK CITY 

R ecent work from this laboratory kas shown that when tlie blood volume 
of an unanesthetized dog is suddenly reduced by a massive hemorrhage, the 
^ cardiac output is markedly decreased (i). This slowing of the blood flow 
soon leads to major disturbances in the blood chemistiy and acid-base balance. The 
most striking are the decreases in arterial and CO2 content and the increases in the 
concentrations of lactate and phosphate (2), This work suggested that measurement 
of the changes in certain blood constituents would provide an index not only of the 
depth of degree of shock, but also for testing, at various stages, the eflectivehess of 
replacement therapy. The development of a standard procedure for the production 
of hemorrhagic shock (3) has made it possible to examine critically some of the 
criteria used in evaluating the physiological condition of an animal and to study tlm 
effect of transfusion with blood or plasma during the terminal stages of hemorrliagic 
shock. 

PROCEDUmS • . 

Only healthy adult mongrel dogs were used. The animals had access to water 
but were not fed for 24 hours before experimentation. In each experiment the dog 
was placed upon its back on an animal board, a control blood volume determination 
was made, and the bladder emptied through an urethral catheter. After exposure of 
both femoral arteries under local anesthesia (procaine hydrochloride with subsequent 
infiltration with neothesoP) one artery was cannulated and the control mean arterial 
blood pressure measured with a mercury manometer. Blood samples were drawm 
anaerobically from the opposite femoral artery via a small musculo-cutaneous branch 
for control pn, arterial O2 and CO2 content, whole blood lactate, plasma inorganic 
phosphate and plasma amino nitrogen. At the same time jugular venous blood was 
dra^vn for the determination of O2 content. After these samples had been collected, 
the animal was bled rapidly through the femoral arterial cannula until the flow had 
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pracUcally ceased. Twenty-five per cent of the bleeding volume whidi had been 
collected in syringes previously rinsed with heparin solution was returned to the 
animal through the arterial cannula (3). Tlie remaining blood was prevented from 
clotting by liquid heparin or citrate and kept at room temperature. Tlie femoral 
cannula was then reconnected with the mercury manometer for the continuous record- 
ing of blood pressure. Arterial blood samples for the various chemical analyses were 
taken every half hour after hemorrhage and the blood Amlume was re-determined one 
hour after bleeding. 

When the mean arterial blood pressure had fallen to 25 mm. Hg or less and was 
still falling, the animal was transfused wdtli whole blood or plasma. We have used 
the \yord ‘terminal’ to refer to the time at which transfusion was carried out. Some- 
times the terminal stage was reached so rapidly that respiration ceased and blood 
pressure fell to almost zero before transfusion was started. Four dogs were trans- 
fused through the femoral vein, the others through the femoral artery. The blood 
removed during the bleeding was used for wdiole blood transfusion. For plasma 
transfusion, the blood removed by hemorrhage was centrifuged and the plasma ob- 
tained was added to enough reconstituted, pooled, lyophilized canine plasma to make 
a quantity equivalent to 75 per cent of the bleeding volume. 

After transfusion blood samples for the various analyses were taken every hour 
for 4 hours. A third blood volume determination was made 2 hours after volume 
replacement. Blood pressure measurements were continued, heart rates counted 
and the rate of urine excretion determined. Four hours after transfusion the inci- 
sions in both tliighs were treated with sulfathiazole, closed with sutures and the 
animal w'as placed in a cage and allowed to drink water freely. 

imTHODS 

The melliods used for the deterraination of blood volume, blood pii, the COj content of whole 
blood or plasma, whole blood lactate and plasma inorganic phosphate were those previously used m 
this laborator}' (2). The Oj content of the blood was estimated by the microgasometric method of 
Rough ton and Scholander (4). Plasma amino nitrogen was measured gasometrically using nm- 
hydrin-COi methods according to Hamilton and Van Sb'ke (5). 

RESULTS 

Twenty-one dogs in experimental hemorrhagic shock w^ere transfused at the 
terminal stage wdth their own whole blood. Sixty-two per cent of the animals sur- 
vived; the others succumbed within 24 hours of the transfusion. In a second series 
16 dogs were transfused in the terminal stage with plasma. Eighty-one per cent 
of these animals survived, only 3 dogs dying within 24 hours. The data have been 
averaged for the four groups, namely: whole blood survivors and nonsurvivors and 
plasma survivors and non-sur\dvors. 

Blood volume. The control blood volumes varied from 63 to 108 cc kg., tlie 
average being 92.5 cc. Table i shows that there was no significant difference betiveen 
the control blood volumes for tlie groups of whole blood and plasma transfused 
survivors and non-survivors. The terminal blood volumes (i.e. blood volumes 
measured one hour after hemorrhage minus all the subsequent samples taken for 
analyses) of all groups fell between 57 and 63 per cent of the control volumes. The 
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fact that the terminal blood volume was greater than the volume calculated from 
the control volume minus the blood removed by bleeding and for analyses shows 
that compensatory dilution occurred. This is also reflected by the decrease in 
plasma protein concentration which averaged 17 per cent (table i). In spite of 
hemodilution, transfusion with either whole blood or plasma did not completely 
restore blood volumes to the control values. This can be explained in part b}’- the 
volume of blood taken for the various analyses. 

Practically all of the animals exhibited diarrhea in vaiying degrees during some 
part of the post-hemorrhagic period. The diarrhea was most apparent after trans- 
fusion and in a considerable number of the dogs the stools were bloody. Autopsy of 
the non-surviving animals showed intestines filled with fluid. That fluid was lost 


- Table i. Effect of plasma and mtiole blood transfusions upon average chemical 
' changes produced in the blood by hemorrhage 



WEOLC BLOOD 

PLASMA 

Survivors 
n = 13 

— 

Non-sur\’ivors— 
n = 8 

Survivors — 
n = 13 

Non-survivors — 
n = 3 

c 

T 

P 

c 

T 

P> 

c 

T 

P 

C 

T 

P 

Blood vol. cc/kg 

92.3 

57-8 

83-7 

89.8 

53-7 

80.7 

96.4 

S 5-4 

76.1 

97.6 

57-6 

80.3 

Hematocrit 

44-1 

40.5 

46.8 

44-0 

43.1 

SI-8 

45-8 

42.1 

25-3 

46.8 

47-2 

29.3 

Plasma protein gm. % 

5-5 

4.4 

S -4 

S -9 

4.9 

6.1 

5-9 

4-9 

6.3 

5-7 

5-4 

6.0 

pit 

7-35 

7.14 

7-35 

7-36 

7.06 

7.28 

7-36 

7-17 

7.41 

7-38 

7.16 

7.22 

Art. CO2 content vol. % 

40.7 

16.4 

33-2 

42.2 

10. 2 

22.9 

41.6 

13-5 

38.3 

43-3 

8.9 

28.0 

Art. O2 content vol. % 

18.0 

16. s 

19-5 

17.1 

18.0 

19.7 

18.3 

17.0 

10.3 

18.2 

19.0 

12.4 

Venous O2 content vol. % 

12.2 

2.0 

10. 0 

12. 5 

3-3 

5-3 

13-4 

1.8 

4.2 

12.9 

1.7 

2.9 

A-V O2 diff. vol. % 

5-5 

14.6 

9.2 

4-5 

13-9 

14.6 

4-4 

15-3 

6.2 

5-3 

17-3 

8.5 

Whole blood lactate mg. 

23-4 

113-2 

19-5 

22.3 

141-5 

52-5 

21.4 

143-4 

16.8 




Plasma inorg. P mg. %- 

3-7 

14-3 

7-7 

3-3 

14.9 

9-9 

4-4 

15-1 

8.1 




Plasma amino N mg. 

3.85 

6.95 

5-04 

3-40 

7-36 

6.80,3.56, 

7.00 

4.34 





n = number of animals; C = control; T = terminal; P = 4 hours post-transfusion. 

^ Samples taken immediately before death varied from i to 4 hours after trasnfusion. 

^ Values given are averages of determinations made on blood of 7 whole blood survivors, 6 
whole blood non-survivors and 6 plasma survivors. 

from the circulation is suggested by the increased hematocrit values found after 
transfusion in the dogs receiving whole blood (table i). 

Blood pressure. Immediately after a 75 per cent hemorrhage tlie mean arterial 
pressure was usually about 30 mm. Hg. It gradually increased to between 50 and 
60 mm. Hg as hemodilution and other compensatory processes occurred and then 
slowly decreased. I^dien fluid was infused the pressure returned rapidly toward the 
control level. The average value to which the blood pressure returned immediatel}'’ 
after volume replacement as well as the average level maintained thereafter v.'as 
definitely lower in the am'mals which died than in the corresponding group of animals 
that sunived. Four hours after transfusion with whole blood, the average mean 
arterial pressure of the surviving animals was 102 mm. Hg. This happens to be 
identical with the average value obtained on the same dogs during tlie control period. 
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111 the (logs whicli received ivholc blood but did not survive, tlie average blood pres- 
sure at 4 hours was 64 inm. lig, the average control mean arterial pressure in the same 
animals was 1 1 1 mm. Hg. The average blood pressure 4 liours after volume re- 
lilaccmcnt with plasma was 90 mm. Hg (control 107) in the sur^dving group and 46 
mm. rig (control 107) in the group that did not sur\'ivc. 

near! rale. After hemorrhage the heart rate increased from an average control 
value of about (90 to approximately 200 beats per minute. The rale decreased im- 
mediately after transfusion with either plasma or whole blood to about 175 and then 
slowly increased during the ne.’tt 3 or 4 liours (190-225). During this period there 
seemed to be no significant difference in lieart rates between the survivors and non- 
surxdvors. 

Hcviatocrit value. In nearly all of the animals hemorrhage was follovred by a 
decrease in the hematocrit readings (table i). After whole blood infusion the hema- 
tocrit values returned to, or rose slightly above, the control level. Plasma trans- 
fusion, of course, diluted the red cells and lowered the hematocrit readings consider- 
ably (range 25 to 29). 

Vcttoits Oi coulcul (fig. 1). The average control jugular venous Oj content was 
13 volumes per cent. After hemorrhage this decreased, the terminal values being as 
low as one volume per cent in some instances. In dogs which survived after receiving 
whole blood transfusion, the average jugular venous 0^ content increased to 10 
volumes per cent one hour after volume replacement. Thereafter, tlie venous O2 
content rose slowly toward the control values. The increase in jugular venous O2 
content was less in dogs which were transfused with whole blood but died within 24 
hours. In these the venous O2 content rose on the average to only 7 volumes per cent 
one hour after transfusion and then fell until death occurred. Plasma transfusion 
diluted the circulating red cells and in this series the jugular venous O2 content rose 
to only 4 vmlumes per cent one hour after volume replacement. On the basis of 
jugular venous O2 content it was not possible to distinguish surviving from non- 
surviving animals until 4 hours after plasma transfusion, after which time the venous 
O2 content of non-surviving dogs slowly decreased. 

A-V O2 dijfcrciicc. The control arterial-jugular venous O2 difference of the 
various groups of animals varied from 4.4 to 5.5 volumes per cent. After hemor- 
rhage these values increased, ranging between 13.9 and 17.3 volumes per cent. Four 
hours after transfusion the average arterial-jugular v^enous O2 difference of the dogs 
which were permanently resuscitated by whole blood transfusions was 9.2 v’^olumes 
per cent, whereas the value for those which received whole blood but died was 14*6 
volumes per cent. The values for the corresponding plasma transfused groups were 
6.2 and 8.5 vmlumes per cent, respectiv'^ely. 

Phosphorus. The control plasma inorganic phosphorus av’-eraged 3.5 mg. per 
cent. After bleeding and immediately before transfusion the average value had in- 
creased to 14.7 mg. per cent. Two hours after plasma or vvliole blood transfusion the 
average inorganic phosphorus of permanently resuscitated animals had decreased to 
8 mg. per cent at whicli level it was maintained for the next 2 hours. In the dogs in 
which whole blood transfusion did not bring about permanent resuscitation, the 
average inorganic phosphorus fell to 9 mg. per cent 2 hours after volume replacement, 
then increased to about 10 mg. per cent in the succeeding 2 hours. 
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Laclalc. The average control whole blood lactate was 22.4 mg. per cent. 
After hemorrhage and immediately before transfusion tlie average lactate concentra- 
tion had increased to more than ico mg. per cent. The terminal lactate concentra- 
tion was higher in animals in which transfusion with whole blood did not produce 
permanent recovery than in surviving dogs. When whole blood transfusion brought 
about permanent recovery the whole blood lactate decreased rapidly to about 20 mg. 
per cent 4 hours after volume replacement. On the other hand, the lactate values 
decreased slowly and never fell below approximately 50 mg. per cent in the dogs which 



Fig. I {upper left). Average changes in jugular venous O2 content which occur after hemor- 
rhage and transfusion. Abscissa: A — control jugular venous O2 content; B = jugular venous O2 
content measured at a time equi-distant between hemorrhage and transfusion; T = terminal point, 
i.e. immediately before transfusion; i, 2, 3, etc. = hours after transfusion. Hogs hemorrhaged and 
transfused: O = with plasma —survived; • = with plasma— died; □ = wth wholeblood— sur- 
vived; ■ = with whole blood — died. 

Fig. 2 {upper right). Eitect of transfusion upon the urine flow of hemorrhaged dogs. Let- 
ters, figures, and symbols as in fig. i. 

Fig. 3 {lower). Effect of transfusion upon the urine phosphate of hemorrhaged dogs. Let- 
ters, figures, and symbols as in fig. i. 

died after whole blood transfusion. The results obtained after plasma transfusion 
cannot be quantitatively compared with the determinations made after whole blood 
transfusion because of differences in the hematocrit values. However, after plasma 
transfusions the whole blood lactate concentration of tlie dogs which lived fell to 
about 17 mg. per cent in the subsequent 4 hours. 

T/!C pH. The ps of the arterial blood of 34 dogs, measured during the control 
period, varied from 7.31 to 7.40, averaging 7-36- After hemorrhage the pii decreased 
and immediately before transfusion it ranged in tlie different groups between 7.06 and 
7.17. Replacement of the blood volume lost with either plasma or ivhole blood 
increased the average ps within one hour to 7.2S and 7.33, respective!}'. Four hours 
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after transfusion the pu of the arterial blood had returned to llic control values in the 
dogs in which volume replacement with either plasma or whole blood brouglit about 
permanent resuscitation, wliercas in animals in which transfusion did not prevent 
death the arterial pn was 0.08 to 0.16 below the control values. 

Amino N. After hemorrhage the plasma amino nitrogen concentration in- 
creased from an average control of 3.6 to an average terminal value of about 7 mg. 
per cent. Four hours after plasma or whole blood transfusions which brought about 
permanent recovery the plasma amino nitrogens were 4 to 5 mg, per cent. In dogs 
wliich died after volume replacement with whole blood the plasma amino nitrogen 
was 6.4 mg. per cent one hour after transfusion and 2 hours later had increased to 
6.8 mg. per cent. 

Bicarhonatc. Tiie plasma bicarbonate concenlnition was calculated from llic 
plasma CO2 content atid the pn of the arterial blood (2). During the control periods 
the plasma bicarbonate ranged between 18,4 and 23.5, averaging 20,8 mJi. per liter. 



Fig. 4. .•\ciD-nASF, CUANGE.S in 13 (logs in vrhicA 
whole blood transfusions brought al>out permanent 
rccovcrj'. The solid line arising from the circle and 
ending in the first arrow dc.scribcs the development of 
acidosis from the control to a time cqui-distant between 
hemorrhage and transfusion. The soUd line beginning 
at this point and ending in the second arrow indicated 
the path of acidosis to the time of transfusion. Re- 
covery from acidosis is shown by the dotted line. On 
this line arrows indicate the recovery which has occurred 
I, 2, 3, and 4 hours after transfusion. 


After hemorrhage and immediately before transfusion tlie individual values varied 
from 2.7 to 13.8 mil. per liter. The average terminal value for the dogs which were 
permanently resuscitated by whole blood transfusion was 8.0, and that for animals 
which died in spite of volume replacement with whole blood, was 4.9 mw. per liter. 
The corresponding figures for the plasma series were 6.5 and 4.4. Four hours after 
transfusion the average bicarbonate level was 16.4 mM. per liter in dogs which 
survived as a result of whole blood transfusion, whereas it was only 10.5 in animals 
which, in spite of volume replacement with whole blood, died. The corresponding 
values for the plasma-treated animals were 18,7 and 10.4 mM. per liter, respectively. 
Our results show that aU the dogs in which volume replacement did not bring about 
permanent recovery had a terminal plasma bicarbonate concentration of 6 mM. or 
less per liter of plasma. WTien the terminal plasma bicarbonate reached these low 
levels permanent resuscitation was brought about in only 2 of 10 dogs by whole blood 
transfusion and in 8 out of ii dogs by plasma transfusion. In no instance did trans- 
fusion with either plasma or whole blood produce recovery when the plasma bicarbon- 
ate value was less than 14 mM. per liter 4 hours after volume replacement. On the 
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basis of the bicarbonate data there appears to be a sharp demarcation between dogs 
in which volume replacement resulted in recovery and those in which the therapy 
failed ^ ^ 



S {.upper left). Acid-base changes in 8 dogs which died in spite of whole blood transfusions. 
The vdues given are the averages of the results obtained on 8 dogs wNch died. The lines are drawn 
according to the plan described under fig. 4, 

Fig. 6 (Jower lefC). Acid-base changes in 13 dogs in which plasma transfusions brought about 
perm^ent recovery. The lines are drawn according to the plan described under fig. 4. 

7 {upper right). Acid-base changes in 3 dogs which died is spite of plasma transfusions, 
e hnes are drawn according to the plan described imder fig. 4. 

_Fig. 8 {lower right). Typical curve of the acid-base changes after hemorrhage and saline infu- 
sion m one dog. The first solid line arising from the control circle indicates the development of 
^ hemorrhage. The dotted line originating at the end of this solid line shows the 

t saline infusion. Within an hour recovery ceased and a severe terminal acidotic 

State developed as shovm by the second solid fine. The second dotted line indicates the recovery’ 
a er a second saline infusion. The dog died a few hours later. 


Urinary secretion. After hemorrhage urinar}’- secretion ceased or decreased to 
low levels, as has been reported from this and other laboratories (2). Transfusion 
with either plasma or whole blood was uniformly followed by diuresis. Dogs in 
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wjiicli produced permanent recovery s!io;ved *1 greater urine flow than 

did those which died within 24 hours of the tran.sfusion (fig. 2). Animals in which 
volume replacement with plasma resulted in jicrmanent resuscitation excreted an 
average of 65 cc. of urine during the first liour after transfusion. In the ne.xt ,5 hours 
the rate of c.\xrclion fell .steadily to 22 cc. per hour. Dogs which survived as the 
result of whole blood transfu.sion produced on the average 55 cc. of urine per hour for 
2 hours after volume replacement. During the succeeding 3 hours the urine flow 
fell to 18 cc. per hour. On the other hand, the urine flow in dogs in which trans- 
fusion with plasma or wliole blood failed to produce permanent recover}' from hem- 
orrhage was low, reaching only about 17 cc. during the first hour after volume re- 
placement and decreasing to less than 10 cc. per hour at the end of 4 hours. 

Wien hcmorrliagc was followed by whole blood transfusion the urinar}' phos- 
phorus of the dogs in which permanent recovery occurred increased rapidly, reaching 
an average ma.\imum of 29 mg. per hour (fig. 3). This was raamtained for 4 hours. 
A similar phosphaturia was present in the animals in which plasma transfusion 
brought about recovery (fig. 3). In these dogs the post-transfusion urinary in- 
organic phosphate reached a maximum of 22 mg. per hour 2 hours after volume 
replacement and then fell to 9 mg. per hour 2 hours later. Little or no phosphaturia 
developed in dogs which died within 24 iiours of plasma or whole blood transfusion. 

Acid-basc balance. The nature of the changes in acid-base balance after hemor- 
rhage and transfusion has been shown by plotting the pii, the pCO: and the plasma 
bicarbonate concentration of the arterial blood on triangular co-ordinate paper (8). 
The average cuiwes for dogs in which hemorrhage was followed by blood transfusion 
are shown in figures 4 and 5. Tlic corresponding curves illustrating the effect of 
plasma transfusion appear in figures 6 and 7. In confirmation of pre\*ious work done 
in tins laboratory (2), it will be seen that after hemorrhage all of the cun'es fall in the 
sector of metabolic acidosis, partly compensated by a decrease in pCOi. The seventy 
of the terminal acidosis was greater in dogs in which whole blood transfusion did not 
produce recovery (fig. 5) than in tliosc in which such replacement therapy resulted in 
permanent resuscitation (fig. 4). Also in tlie former, recovery from the acidosis was 
not as complete 4 hours after transfusion as in the latter group. The same results 
w'ere shown by the animals in which plasma transfusion was carred out (figs. 6 and 7)- 

Four dogs not included in table i were given in the terminal stage saline infusions 
equal in amount to the blood removed by bleeding. All of these animals died within 
4 hours of the infusion. Figure S illustrates the results obtained in a representative 
experiment. The graph demonstrates the small extent and the transitory nature 
of the acid-base recovery which occurs when volume replacement is attempted with 
saline. 


DISCUSSION 

Efecls of Iramfiision. One of the most dramatic effects of transfusion is the 
rapid return of blood pressure to control levels. Our results, however, indicate that 
the restoration of blood pressure is not in itself a reliable index of the physiologica 
condition of the animal, for non-surviving dogs may have a high post-transfusion 
blood pressure for several hours and yet show little or no recovery as measured y 
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Other criteria. None of the dogs recovered immediately from the lethargy which 
was invariably present at the time of transfusion. The surviving animals, however, 
gradually became more alert and, except for an unnatural quietness, appeared reason- 
ably normal 4 hours after transfusion. 

Comparison of results shown hy dogs permanently resuscitated by transfusion with 
those obtained on animals which died after volwne replacement. The jugular venous 
O2 content, the arterial pK, and the concentrations of arterial plasma bicarbonate, 
plasma inorganic phosphorus and whole blood lactate of hemorrhaged dogs in which 
plasma or whole blood transfusion results in permanent recovery return toward the 
control values within 4 hours of the time of volume replacement. During tliis 
period the recovery of the various blood constituents is much less in animals which 
die within 24 hours of transfusion. 

Too much reliance must not be placed upon the absolute figures which we have 
given for the arterial plasma bicarbonate concentrations as a means of distinguishing 
dogs in which transfusion will produce recovery from those which die soon after 
volume replacement, for they do not appear to be valid when applied to a more recent 
series of experiments carried out in this laboratory (10), in which the dogs were 
carefully selected and fed a diet calculated to increase their vitamin and protein 
reserves. The degree of metabolic disturbance that animals will tolerate probably 
depends to some extent on their physiological condition. Additional evidence for 
this view has been obtained in a study of the sensitivity to morphine shown by dogs 
recovering from hemorrhage (ii). 

The most striking difference between dogs which were permanently resuscitated 
by whole blood or plasma transfusions and those which died after volume replace- 
ment is revealed by the volume of urine flow (fig. 2) and the rate of urine phosphate 
excretion (fig. 3). The large excretion of water and phosphate in dogs in which 
volume replacement resulted in permanent resuscitation indicates that in these 
animals the circulatory recovery was great enough to permit the kidney to play its 
usual role in correcting an acidosis. 

A certain amount of e\ddence indicates that hemorrhaged dogs which died soon 
after transfusion were in a more serious condition immediately before volume re- 
placement than were those in which transfusion produced permanent recovery. 
Thus in the terminal stage the former had a higher blood lactate, a greater arterial- 
jugular venous O2 difference, a larger increase in the plasma amino nitrogen and a 
more severe acidosis tlian the animals in the latter group. The findings suggest that 
when the effects of hemorrhage attain a certain severity the restoration of the blood 
volume to near normal does not result in permanent recovery . This does not exclude 
the possibility that larger volumes might still be effective. 

Comparison of whole blood and plasma transfusions. In our experiments the 
original blood volume was not restored completely by transfusion vdth either whole 
blood or witli plasma. The deficit is partly exijlained by the volume of the blood 
samples taken for analyses. In the dogs transfused ndth plasma these amounted to 
87 cc., whereas only 55 cc. were taken from the animals transfused with whole blood. 
The average time between hemorrhage and transfusion was hours in the group 
transfused with plasma and af hours in the animals in which the volume was replaced 
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with whole blood. After transfusion the blood volume was smaller in the group 
which received plasma than in animals rccci%dng wliole blood. This' may in part 
account for the lower post-tramsfusion blood pressure in the former group. 

Transfusion with plasma lowered the hematocrit reading to almost half of the 
control value. As a result of .such a large change in the red-cell-plasma ratio, the 
values for jugular venous O2 content and arteriaUjugular venous Oj difierences as 
well as the whole blood lactate concentrations found after plasma transfusions cannot 
be compared directly with those obtained following whole blood transfusion. 

The decrease in the hematocrit readings produced by plasma transfusion results 
in a decrease in the relative viscosity of tlic blood (ra). Other conditions remaining 
constant, a decrease in the relative viscosity reduces the resistance to flow. Accord- 
ing to the work of Seligman cl al. (13), the restoration of control blood volume v'dth 
plasma may be e.\pccted to result in a greater blood flow tlian wJien the volume re- 
placement is carried out with whole blood. If this is true, plasma transfused animals 
should show a smaller A-VOj dificrencc than animals transfused wth v;hole blood. 
Our data confirm tliis prediction. The average arterial-jugular venous O2 difference 
measured one hour after plasma transfusion was 6 volumes per cent, whereas in dogs 
transfused witli whole blood it was 10 volumes per cent. These values remained 
relatively constant for the succeeding 3 hours. If the Oj consumption of the two 
groups of animals was of the same order of magnitude, the differences in the A-VO> 
values must indicate that the cardiac outputs of the plasma-treated dogs were 
higher than those of the animals which received whole blood. 

SUiCUARY 

Thirty-seven dogs were bled according to a standard metliod and when the 
animals had readied the ‘terminal stage’ of hemorrhagic shock, w'hole blood or 
plasma was transfused in amount sufficient to return the blood volume to approxi- 
mately the control values. In 4 animals volume replacement was carried out with 
saline. During the control period, immediately before transfusion and 4 hours after 
transfusion, the folloiving determinations were made: plasma volume, hematocrit 
value, plasma protein concentration, arterial blood pn and O2 and CO2 content, whole 
blood lactate, plasma inorganic phosphate and amino nitrogen, urine volume and 
urinar}' phosphate concentration, jugular venous O2 content, mean arterial blood 
pressure and heart rate. 

The degree of recovery, as judged by the return to control values of tlie various 
measurements, was more complete in tlie dogs wliidi were permanently resuscitated 
by transfusion than in tlie animals whidi died in spite of volume replacement. This 
is shown especially in the increased plasma bicarbonate concentration, in the decreased 
arterial-jugular venous O2 difference and in the increased excretion of urine and 
urinary phosphate. The small extent and the transitory nature of the recovery after 
saline transfusion was striking. 

The dogs which died after transfusion were in a more serious condition imme- 
diately before volume replacement, as judged by the magmtude of the dianges in the 
blood constituents studied, than were those in which transfusion brought about 
recovery. This finding suggests that when the insult produced by diminished bloo 



February ig4g TRANSFUSION THERAPY IN HEMORRHAGIC SHOCK 


201 


volume is severe enough the return of blood volume to the control value does not 
result in permanent recovery. 

Differences between the effects of whole blood and plasma transfusions appear 
to be related to the decrease in viscosity which occurs when plasma is used. 
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STANDARDIZATION OF HEMORRHAGIC SHOCK IN THE DOG 


WILLIAM L. NASTUK akd CLARISSA HAGER BEAITY* 

From the DeparlmcrJ of Pltysio!p,^y, Cotkyc. of Physicians and Surgeons, Columbia Uftiversily 

NT:\V YORK axY 

I N INSTITUTING a reliable experimental procedure for the production of shock, 
one must deal with the problem of selecting criteria for use in evaluating the 
degree of stress to which the animal is subjected (i). A review of the literature 
shows that many criteria liavc been used as guides in the production of hemorrhagic 
shock, and that the experimental animals have been hemorrhaged by somewhat 
difrerent methods. Certain investigators (2, 3) have used a system of graded hemor- 
rhages, the extent of which is based upon body weight. Others (4-9) have con- 
trolled tlic hemorrhage so as to maintain a chosen value of blood pressure for various 
periods of time. Frank, Scligraan and Fine (10) employ extreme hypotension to 
produce shock. In tliis procedure the period of hypotension is terminated when one 
third of the shed blood is automatically taken up by the animal. Arimoto ct al. (2) 
have used a system of graded hemorrhages in which blood pressure and arterial 
plasma CO2 content taken after a chosen intcrxml serve as a basis for calculating the 
survival time. Levine cl ah (ii) have produced irreversible shock in dogs by means 
of repeated bleedings which result in a depression of the arterial plasma CO* capadly 
to 15 volumes per cent or less Avhen terminal conditions are readied. 

In this laboratory a standard technique for the production of hemorrhagic 
shock was developed by Walcott (12). This procedure, which consisted essentially 
of a determination of the bleeding volume followed by reinfusion of a certain per- 
centage of the shed blood, was used by Allison cl ah (13, 14) in studying the chemical 
dianges in blood, and the hemodynamic responses of dogs in hemorrhagic shock. 

It is generally agreed that the chemical changes wFich occur in the blood of 
hemorrhaged animals result from anoxia, and the predominance of anaerobic metab- 
olism in the tissues. On the basis of such findings Allison cl ah (13) suggested that 
the extent of hemorrhage necessary to reduce tlie cardiac output to levels sufficient to 
cause shock might be gauged by certain chemical changes in the blood. They found 
that the most reliable indicator of the degree of shock in the dog was the concentra- 
tion of plasma bicarbonate taken at the end of the period of reduced blood volume. 
The work of Allison el ah (13) formed a basis for the method to be described in this 
paper. In the present technique, not only the magnitude but also the duration of a 
depression in the plasma bicarbonate concentration is utilized as a guide in the con- 
trol of hemorrhage and by this means shock of a determinable degree of severity is 
produced. 
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METHODS 

The animals used in this study were healthy mongrel dogs weighing between 7.4 
and 15.9 kg. (av. 10.8 kg.). They were kept on a standard stock diet for a few days 
or -until sufficiently fit for use. Each dog was examined on the day preceding the 
experiment and only those with leucocyte counts below 15,000/cu, mm., rectal 
temperatures below 39-5°C., and hematocrits above 35 per cent were used. On the 
same day, determinations of the blood and thiocyanate volumes were made by the 
method of Gregersen and Stewart (15). During the next 24 hours the animal was 
kept without food or water while urine was collected. The specific gravity of the 
urine samples of all the animals used in these experiments was greater than 1.020 
indicating the absence of serious kidney damage. 

On the following morning the dog was first offered water and was then trans- 
ferred to the animal board. The animal was placed in a comfortable supine position, 
and a catheter inserted into the urinary bladder. Under local anesthesia (2 % novo- 
caine subcutaneously, supported by neothesol) the right femoral artery was isolated 
for cannulation and branches of the left femoral artery and vein were exposed for 
sampling and infusion. During the course of the experiment each wound was kept 
covered with gauze moistened with saline. 

Shortly after the control blood samples were obtained, the animal was bled 
from the right femoral artery according to the Walcott technique, and blood amount- 
ing to 25 per cent of the bleedmg volume was reinfused -via the bleeding tube. In the 
portion of blood which was immediately returned to the animal, clotting was pre- 
vented by the addition of a small amount of heparin solution. The remainder of the 
blood was allowed to run into a paraffined cylinder where it was mixed with 3.2 per 
cent sodimn citrate. One volume of citrate solution was used for each 9 volumes of 
whole blood. The blood so collected was kept at room temperatixre until needed. 
After the reinfusion of blood, the cannula in the right femoral arteiy was connected to 
a mercury manometer for measurement of blood pressure. 

During the course of the period of reduced blood volume the heart rate, respira- 
tory rate and blood pressure were recorded before each blood sample was taken. 
From a branch of the femoral artery, 10 cc. or less of whole blood for various deter- 
minations was drawn anaerobically into syringes previously rinsed with heparin. 
Carbon dioxide and protein concentration of plasma, and pH and hematocrit values 
of whole blood were determined during the control period and at 30-minute intervals 
following the initial hemorrhage. The inorganic phosphate concentration of plasma, 
and glucose, lactate and pyruvate levels of whole blood were determined during the 
control period and 30 minutes and one hour following the initial hemorrhage. There- 
after these measurements were carried out at hourly intervals. The total volume of 
urine formed was determined several times during the period of reduced blood volume. 

In certain experiments, at or between regular sampling times, the animat was 
subjected to several additional hemorrhages or transfusions of 10 to 50 cc. each. 
These adjustments of blood volume -u'cre emplo3'ed in order to maintain the animal 
in tlie desired metabolic state. The extent of tliese adjustments was based mainly 
on plasma bicarbonate concentrations. To illustrate, during the 1 to 2 hours follow- 
ing the initial hemorrhage, additional small amounts of blood were ^vithdrawn until 
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the plasma bicarbonate level iiad fallen to 6 m.\f/l or Jess. Subsequently, small 
heniorrlmgcs or transfusions were employed in order to maintain tlic plasma bicar- 
bonate concentration at or slightly below this level. Exj>criments in which the 
period of reduced blood volume was shorter than 2 hours w'cre discarded. 

At the completion of the period of reduced blood volume, the manometer was 
removed and the blood which had been collected in the paraffined cjdinder was 
fdtered througli gauze and injected via the femoral arteiy' over a period of 2 to 4 
minutes. The first portions were given rapidly and the remainder more slowly. On 
the average, tlie blood lost in liltering and sampling amounted to 12 per cent of the 
control blood volume. Use of blood from a donor animal to make up this deficiencj' 
was avoided because of the possibility of complications arising from incompatibility 
of bloods from different sources. 

Immediately after tlic transfusion, the manometer was reconnected, and all 
the determinations previously mentioned were continued during the next 4 hours. 
Results obtained during this post-transfusion period will be found in another paper 
(16). At the end of this 4-hour period, the vessels were tied off, tire wounds washed 
rvith saline, dusted with sulfathiazole and closed wilJi widely separated sutures to 
allow drainage. No subsequent infections were noted. The animal was then re- 
turned to a cage and kept 12 hours without water. Dogs alive at the end of this 
period were considered to be survivors. 

The determinations of bicarbonate, inorganic phosphate and protein concentra- 
tion of plasma as w'ell as lactate and pyruvate levels and pn of whole blood were 
carried out as previously described by Root cl aL (17). WTiole blood glucose was 
estimated according to the technique of Somog>'i (iS, 19). Hematocrit values were 
measured 'with Wintrobe tubes. 


RESULTS 

Certain of the physiological responses w’hich occur following severe hemorrhage 
are illustrated in figures i and 2. Such data, obtained on dogs subjected to a period 
of reduced blood volume wdiich was followed by transfusion, were examined for critena 
which could be used to separate surxdvors from non-survivors. The best results were 
obtained by taking into account the extent and duration of the depression of plasma 
bicarbonate content. The assumption •n^as made that the product of an intensity 
factor and time ■v\’’0uld give a measure of the total amount of injury’’ sustained by the 
animal. Accordingly, plots of plasma bicarbonate concentration vs. time "were made 
for the period of reduced blood volume. The area enclosed by such a plot and a line 
drawn at plasma BHCO3 10 mn/l W'as used as a measure of total injury and was 
called ‘stress index’ (S.I.). In the plots prepared from the data of these experiments, 
the stress indices represent an area measured in terms of millimole minutes. 

The data in table i show tlie relationship between stress index and mortality 
of shocked animals treated with whole blood transfusion or with whole blood trans- 
fusion plus supplement. The latter group is included in the table for purposes^ 0 
comparison; however both of these groups of dogs may be considered to be alike 
since it has been shown (16) that the supplementary treatment does not influence 
mortality. The animals with S.I. below 420 were considered to be lightly injured 
and those with S.I. above 420 'v\mre considered to be severely injured. 
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Figures i and 2 illustrate average results obtained on a group of 16 animals with 
S.I. less than 420 and 17 animals with S.I. greater than 420. In order to obtain 
curves for each group, the period of reduced blood volume of each animal was divided 





Fig. I. Showing the ErrEci of sT/Vnd^vrd hemoeehage on tFe blood pressure, heart rate, 
respiratory rate, plasma proteins and hematocrit. The initial bleeding is represented by the vertical 
bar at zero time, and the period of reduced blood volume which follows is divided into four quarters. 
The total amount of blood withdrawn during the initial bleeding and during the period following is 
e.ypressed as a percentage of the control blood volume. Solid lines indicate a series of 16 dogs with 
stress index less than 420; broken lines, a series of 17 dogs with stress index greater than 420. 

into quarters and data obtained at the end of similar quarters of each e.xperiment were 
averaged, \\dien heavily and lightly damaged animals are so compared it is found 
that such differences as occur appear to be quantitativ'e, not qualitative. The curves 
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indicate tliat animals willi tlic greater amount of injur}* as judged by stress indices, 
%Y}ien compared with those of lesser injuiy*, withstand less blood loss, respire more 
rapidly and have less cardiac acceleration. The hematocrit values of both groups 
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Fig. 2. Showikg the effect of stakdaed hemorrhage on the plasma bicarbonate and 
phosphate, and on the whole blood glucose, lactate, pyruvate and pn. The initial bleeding is 
sented by the vertical bar at zero time and period of reduced blood volume which follows is diwde 
into four quarters. Solid lines indicate a series of i6 dogs witli stress index less than 420; broken 
lines, a series of 17 dogs with stress index greater than 420. 

are equally depressed for the first half of the period of reduced blood volume, but for 
the second half of this period a greater rise is shown by the lightly damaged animals. 
There is no significant difference between the blood pressure, plasma protein con 
centration or whole blood p)rruvate of each series. Further, the more heavily 
damaged dogs show less hyperglycemia, lower pB:, higher whole blood lactate an 
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higher plasma inorganic phosphate than the lightly damaged animals. A comparison 
of the plasma BHCO3 curves shows that the terminal values of this constituent are 
not greatly different in the two series. However, it is important to note that in the 
severely damaged group the plasma BHCO3 content is depressed below 10 itim/I for 
an average time of 13 1 minutes as compared with an average time of 105 minutes for 
the lightly damaged group. Putting it differently, it may be said that the severely 
damaged animals have been subjected to a longer period of intense stress than that of 
the lightly damaged animals. 

The average length of the period of reduced blood volume was 240 minutes for 
dogs with S.I. less than 420, and 198 minutes for the dogs with S.I. greater than 420. 

No regular relation could be found between the available fluid volume expressed 
as cc/kg. body weight, and the degree of plasma dilution after the initial hemorrhage 
as determined by changes in the plasma protein concentration. Practically no urine 
was formed during the period of reduced blood volume. 

Table i. Relation between the severity of shock, as determined by stress index, 

AND MORTALITY IN DOGS SUBJECTED TO A PERIOD OF REDUCED BLOOD VOLUME FOLLOWED 
BY TREATATENT WITH WHOLE BLOOD TRANSFUSION OR WHOLE BLOOD TRANSFUSION 

PLUS SUPPLEMENT 



1 

sravivoES 1 

1 

NON-STOtlVOES 

Stress Inde.x 

Below 420 

Above 420 

Below 420 

Above 420 

Whole blood transfusion 

S 

2 

I 

4 

Whole blood transfusion, plus glucose or 
NaHCO, 

8 

1 

3 

2 

8 


The average bleeding volume of 52 dogs was found to be 54.7 cc/kg. body weight. 
Total blood volume determinations on these animals indicates that the bleeding 
volume represents 55.4 per cent of the total blood volume. These data are in sub- 
stantial agreement with those obtained more recently on a large series of dogs by 
Walcott (20). 

DISCUSSION' 

In the study of the physiological changes whicli occur in hemorrhagic shock, 
and in the evaluation of therapeutic measures used in its treatment, it is essential to 
have some gauge of the degree of stress to w'hich the animal is subjected. Much of 
the earlier work of this laboratory was done with this idea in mind. Allison et al. 
(13) conducted a series of experiments on dogs which were hemorrhaged according to 
the Walcott technique (12). In these experiments, the animals were given whole 
blood transfusion when tlie blood pressure had reached 25 mm. Hg or less and was 
falling rapidly. The results showed that with non-survivors the plasma bicarbonate 
content at terminal conditions ivas less than 6 mii/l while for survdvors it was above 
this value. 

Our early attempts to repeat the work of Allison were not entirely successful 
in one respect. We found that a number of animals with terminal plasma bicarbon- 
ate content less than 6 mir/l recovered when treated witli whole blood transfusion. 
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Apparently the dogs of Allison’s series were more susceplible to the cfTccts of hemor- 
rhage than those used in the present study. 

In order to raise (he mortality in our experimental animals, a different line of 
approach was taken. It .seemed rctisonahlc in determining the .severity of shock to 
lake into account not only the intensity of the shock-producing process, but also 
the length of time during winch the process acts. Gregersen has referred to, this 
concept in a recent paper on shock (21). Proceeding wiUi this idea in mind, the 
magnitude of the reduction of plasma bicarbonate content occurring during a period 
of reduced blood volume was used as a measure of the intensity of the shock-produc- 
ing process. The product of this intensity' factor and time was utilized as a means of 
evaluating the degree of stress to which the animals were subjected. The stress 
indices so determined were found to be more reliable than any other physiological 
criterion when employed for predicting tlic mortality of a group of dogs treated noth 
whole blood transfusion in the manner previously described. 

It may appear unusual to gauge the severity of shock by means of an area measured in millimole 
minutes but it is interesting to note tliat a somewhat similar idea m.a}' be found in the work of Wiggers 
and Wcrlc (8). These investigators showed that in dogs subjected to hemorrhage, both the magni- 
tude of the reduction of blood pressure ns well as the duration of the period of hypotension were 
important in determining the severity of shod:. However, they did not extend the work to permit 
quantitative relationship to be set up between Uicsc factors. 

By use of die mctliod outlined here one may reproduce experimentally a group of animals of 
nearly equal stress indices and demonstrate that the mortality rate is related to the degree ofshock 
imposed. Such an arrangement is made possible by the fact that the stress index may be periodically 
determined during the period of reduced blood volume, and when the desired degree of shock is 
attained, the therapeutic procedure may be instituted. It is well to bear in mind, that only if the 
stress index lies at the extremes of the scale may one predict with a high degree of certainty the 
survival or death of any particular animal following hemorrhage and transfusion. For example, a 
group of animals with high stress indices might be prepared. Such a group would probably show Hgh 
mortality rates if treated only with whole blood tnansfusion, and according to the current definitions 
these animals could be considered to be in ‘irreversible’ shock. If one wishes to study the effective- 
ness of various therapeutic measures in the treatment of severe shock it is possible by this method to 
prepare such a group of ‘irreversibly’ shocked animals. 

The limitations of data of these experiments do not permit a rigid statement 
of the relationship between S.I. and the percentage survival following transfusion 
(table i). From the data available it would seem that under the conditions of these 
experiments, a group of animals having stress indices between 340 and 480 should 
have a survival rate of about 50 per cent when treated with whole blood transfusion. 

The physiological changes in hemorrhagic shock as reported in this paper have 
been repeated^ observed (i, 13, 14, 17). It is rather interesting to note in comparing 
the average data on the series of dogs with stress indices greater than 420 with those 
having stress indices less than 420, that the blood pressure curves are identical for 
the two groups (fig. lA). This result lends support to the statement that blood 
pressure alone is an unreliable criterion of the severity of shock (i). The data in this 
paper support the idea that not only the intensity of tissue anoxia but also its dura- 
tion are factors which determine the extent to which an animal is damaged by 
hemorrhage. 

A point worth noting (fig. lE) is that the animals with stress indices greater t lan 
420 have smaller reduction in their circulating blood volume than the animals wit 
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stress indices less than 420. The first group also show less cardiac acceleration 
(fig. xB') than the second which may indicate that the former group has inherently a 
poorer circulatory compensatory mechanism. 

SUIQIARY 

A method of producing hemorrhagic shock in dogs is outlined in wliich the 
severity of shock is gauged by means of stress indices. In this method, stress 
indices are calculated by taking into account the extent and duration of a depression 
of plasma bicarbonate content which occurs during a period of reduced blood volume. 
The mortality rate in a series of 6 dogs with stress indices in the range of o to 420 is 
17 per cent while that in an equal number of dogs having stress indices ranging from 
420 to 840 is 67 per cent. 

Comparison of the average results obtained on a series of 17 dogs having stress 
indices between 420 to 840 (severe stress) with a second series of 16 dogs having 
stress indices between o to 420 (moderate stress) shows that during the periods of 
reduced blood volume the animals of the former group withstand less blood loss, 
respire more rapidly, have less cardiac acceleration and show less hyperglycemia. 
Further, dogs subjected to severe stress show greater increases in whole blood lactate 
and plasma inorganic phosphate, and a greater depression in plasma bicarbonate and 
whole blood than those subjected to moderate stress. Both groups of animals 
show an early fall in hematocrit followed by a later rise, this rise being more pro- 
nounced in the series with stress index between o to 420. The reduction in blood 
pressure and in plasma protein concentration and the elevation in whole blood 
pyruvate are not significantly different in both groups. 
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MENTA7TON OF WHOLE BLOOD I'RANSFUSION WITH 
GLUCOSE AND WITH SODIUM BICARBONATE 
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NTAV VORK CITY 

T HK cFicac}’ of wliole blood transfusion in the treatment of hemorrhagic 
shock is well recognized. However, in severe, sometimes called irreversible 
shock, restoration of the blood volume to original levels may not be sufficient 
to maintain life (i, 2 ). In such instances the question arises as to tlie value of treat- 
ing shoclv wiUi whole blood transfusions to which supplemcntar>' agents have been 
added. Furthermore, in cases where treatment with whole blood transfusion alone 
brings about recover}^ it would be of interest to determine whether supplementary 
agents speed the recovery process. 

Recent reports ns to the value of supplementation of transfusions in the treatment of hemor- 
rhagic shock arc not in agreement. Wiggers and Ingraham (3) state that alkalinizing agents arc of 
value in preventing the transition from impending to irreversible hemorrhagic shock. Levine cl ol. 
(4) have shoivn that both NallCOa and glucose when used as adjuncts to whole blood transfusion 
decrease tlic mortality rate in ‘irreversible’ hemorrhagic shock. Frank cl al. (i) conclude that 
NallCOj has no cfTicacj' when used under such conditions. The uncertainty as to the value of 
supplementation of whole blood in tlic treatment of hemorrhagic shock made it appear worth while 
to reinvestigate Uie problem. 

It has been clc.arly shown that certain marked physiological changes from the control condiUon 
occur when an animal is subjected to hemorrhage (5-8). During the rccovcrj' process those elements 
which have been shifted gradually return to their original values. As Allison d al. (6) have pointed 
out, the rate and completeness of this return seem to depend to a large extent on the degree of injury 
sustained by the animal during tlic period of stress, as well as upon the effectiveness of the therapy 
given. 

In another paper an attempt to develop a procedure for gauging the intensity of 
shock produced by hemorrhage has been outlined (8). It seemed likely that by use 
of this method and by anatysis of certain physiological and biochemical changes 
occurring during recovery from hemorrhagic shock, tliat an accurate estimate of tlie 
effectiveness of various therapeutic measures might be made. The experiments 
reported here are concerned with three groups of dogs whicli have been subjected to 
hemorrhagic shock of comparable degree of severity, as measured by stress indices (S). 
One series has been treated with whole blood transfusion, the second with whole blood 
transfusion plus sodium bicarbonate, and the third with whole blood transfusion plus 
glucose. The mortality and rates of recovery of the tliree groups have been com- 
pared. 
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METHODS AND RESULTS 

The methods used have been outlined in another paper (8). At the close of the 
period of reduced blood volume the animal was transfused, and all the determinations 
were carried out at the elapsed times of 30 rdinutes, i, 2, 3, and 4 hours. On the 
average, in each of the three series of dogs, the blood lost in filtering and sampling 
amounted to 12 per cent of the control blood volume. Supplemental therapy was 
introduced between the 30 minute- and i-hour samples. Ten per cent NaHCOa or 
30 per cent glucose were given at the rate of i or 2 cc/min, via a branch of the femoral 
vein. The dosages were NaHC03-o.5 gm/kg,, glucose-0.54 gm/kg. Hypertonic 
solutions were used in order to minimize the volume of the material injected. Twelve 
dogs were treated with whole blood transfusion, ten with whole blood transfusion plus 
NaliCOs and eleven with whole blood transfusion plus glucose. 

The number of survivors and non-survivors on three types of therapy is given in 
table I. It can be seen that the stress indices (S. I.) of the three groups of survivors 
as well as the stress indices of the three groups of non-sur\dvors are fairly comparable. 


Table i. Comparison of the mortality of three groups of shocked dogs given three 

TYPES OF THERAPY 


mERAPV 

S 0 RVIVOES 

NON-StJEVTVOES 

No. Animals 

Av. S.I. 

No. Animals 

Av, S.I. 

Whole blood trans 

4 

391 1 

j 

5 

468 

Whole blood trans. -f NaHCOj 

4 

393 

s 

502 

Whole blood trans. 4- glucose { 

7 

370 1 

4 

496 


The physiological responses representing average results on three groups of 
animals following transfusion, or transfusion plus supplemental therapy, are given 
in figures i to 3. The data show that as compared udth that of survivors, the rate 
and extent of recovery are less in the non-surviving animals, especially in those dying 
before the end of the 4-hour period of study. 

The infusion of NaHCOa raised the level of plasma bicarbonate to control values, 
and it can be seen (fig. 3^5) that only the survivors maintained this concentration. 
Further, these dogs showed increases in whole blood pn (fig. 2II), and increases in 
pyruvate (fig. 2E) and lactate concentrations (fig. 2B). 

The infusion of glucose raised the blood level of this substance well above control 
values (fig. 3F). In the survivors, the blood glucose concentration was reduced to 
So mg. per cent (original control values) in the 2 hours immediately following the 
completion of the infusion, while the same reduction required about 3 hours in the 
non-survivors. According to Mann (9) the nonanesthetized normal dog given an 
equal dose of glucose will restore the increased blood levels to control values in 30 
minutes to one hour. 

The total volume of urine formed by these three groups of animals during tlie 
4-hour post-transfusion period is given in table 2. For all cases the urinary output 
is greater in surAuvors than in non-sur\avors. 

In order to compare the rate of disappearance of lactate in hemorrhaged- 
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transfused animals with tliat of control animals, 2 dogs were injected with sodium-n- 
lactate (x gm/kg. body weight) and the blood level of this constituent was followed 
for 4 liours. In addition, determinations of whole blood p3>^ruvatc and />n, and 


WHOtC CUOOO WMOUC DlOOO WHOi-E BUOOO 

TRANSrUSIOM TRAMSruSlOM •» NsMCOj XnAWFUSKJH ♦ GLUCOSE 



TIME - HRS 

Fig. I. Showing the changes in the heart rate, respiration and blood pressure in surwvors 
and in non-survivors after an infusion of whole blood, whole blood plus bicarbonate, and whole bloo 
plus glucose. Short dashes indicate non-survivors dpng in less than 4 hours, long dashes inchcate 
non-survivors dying in more than 4 hours, solid lines indicate survivors. The number of animals 
in a group is indicated by the numeral associated vdth each curve. 

plasma BHCO3 and PO4 ivere carried out. The results are shown in figure 4 - 
be seen that the concentration of lactate in whole blood reaches 105 mg. per cent, a 
value which is about equal to that of hemorrhagically shocked dogs shortly after 
therapeutic treatment with whole blood transfusion. The results show that the, rate 
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of disappearance of lactate from the blood of control dogs is of the same order as that 
of shocked animals during the post-transfusion period (compare fig. 4 with fig. 2A). 
It is also interesting to note that in the sodium-D-lactate injected animals the lactate/- 


WHOLC BLOOD WHOLE BLOOD 

TRANSFUSION TRANSFUSION + NoHCOj 




WHOLE BLOOD 
TRANSFUSION + GLUCOSE 







Fig. 2. Showing the changes in whole blood lactate, whole blood pyruvate and whole blood 
pn in survivors and in non-survivors after an infusion of whole blood, whole blood plus bicarbonate, 
and whole blood plus glucose. Short dashes indicate non-survivors djdng in less than 4 hours, long 
dashes indicate non-survivors dying in more than 4 hours, solid lines indicate surwvors. The number 
of animals in a group is indicated by the numeral associated with each curve. 


pyruvate ratio remained close to the control value during the entire 4-hour period. 
In tlie case of the shocked animals, the lactate/pyruvate ratio was considerably 
higheri Li addition, dogs given sodium lactate formed plasma bicarbonate at a more 
rapid rate than the shocked-transfused animals. 
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WHOLE BLOOD WHOLE BLOOD 

WAmrusion rfiAusru^m * mohcoj 




WHOLE Blood 
tflAHSFOSfOH ■* Gcycosc 







Fig. 3. Showing the changes in plasma bicarbonate, whole blood glucose and plasma inorganic 
phosphate in survivors and in non-survivors after an infusion of whole blood, whole blood plus bi- 
carbonate and whole blood plus glucose. Short dashes indicate non-survivors dying in less than 4 
hours, long dashes indicate non-survivors dying in more than 4 hours, solid lines indicate survivors. 
The number of animals in a group is indicated by the numeral associated with each curve. 


Table 2, Total volttme or urine formed by shocked dogs during a 3 i/s-hour feriod 


FOLLOWING three TYPES OF THERAPY 


j 

THE&APV j 

SUHYIVORS 

NON-StrSVIVOES 

No. Animals 

Urine Vol., cc. 

No. Animals 

1 

Urine Vol., ce. 

Whole blood trans 

7 

73 

170 

IIS 

5 

2S 

Whole blood trans. -f- NaHCOj 

3 

5 

37 

Whole blood trans. glucose 

6 

3 

34 
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The blood pressure, respiratory rate and heart rate of hemorrhaged animals given 
whole blood transfusion at first tend to move toward control values and later show 
changes similar to those which occur following the initial shock producing hemorrhage. 



Fig. 4. Showtng the effect of infusion of sodium-c-lactate (r gm/kg. body weight) on pn and 
on the concentrations of lactate and pyruvate of whole blood as well as upon the concentrations of 
inorganic phosphate and bicarbonate of plasma. 

Open circles = lactate Closed circles = PO« Crosses = pjTUvate 
Half-closed circles = pK Triangles = BHCO3 

No striking differences were seen in the plasma protein concentrations or hemato- 
crits of the three groups of dogs. 


DISCUSSION' 

The physiological responses of hemorrhagically shocked dogs treated with whole 
blood transfusion indicate that tliose with the greatest degree of damage as judged 
by stress indices show greatest mortality, and a relatively sluggish incomplete re- 
covery from the condition in which they are placed as a result of hemorrhage. 
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Tlic data of table i x'jhow that supplementation of whole blood transfusion 
to the extent previously indicated (see methods an’d in-:stn.Ts) has no striking effect 
on the mortality of animals subjected to equivalent degrees of damage. In preparing 
this table it was found that the average stress index values of the three groups of 
survivors and of the three groups of rron-survdvors could be made more nearly com- 
parable if results on certain animals were not included. For this reason 5 surwvois 
(treated witli whole blood transfusion) which had low stress indices, and one non- 
survivor (treated witii whole blood transfusion plus sodium bicarbonate) which had a 
very high stress index do not appear in the final tabulation. 

Survey of tlie data given in figures 1 to 3 shows tliat the supplemental therapy 
does not appear to influence greatly the recovery process of either lightly or heavily 
damaged animals. In the case of NallCOr treated animals, it is interesting to note 
that although this substance raised the plasma BHCOj level to control values, these 
heightened concentrations were maintained only by die survivors. The rale at 
which lactate and pyruvate arc removed from tlic blood was low in all non-sunavors 
and this condition is not improved by cither tjqic of supplemental tlierapy. 

Examination of the blood glucose cutv'cs of animals given glucose infusion 
shows that the non-survdvors are successful in removing tliis substance from the 
blood, although at a lower rate than that of the survivors. During the 4-hour post- 
transfusion period the non-survivors excreted the equivalent of 2 per cent of the in- 
jected glucose in tlie urine, and at the same time they formed 4 mEq. of bicarbonate/- 
iiter of plasma. If this rate of bicarbonate formation in plasma is paralleled by 
equal rates in the total body fluids, and if it is assumed that the injected glucose is the 
sole source of the newly formed bicarbonate, then one can only account for about one- 
third of the Infused glucose. In the light of Haist and Hamilton’s observations (10) 
on the failure of rats shocked by tourniquet application to store injected glucose, it 
would be interesting to determine whether glycogen storage occurs under the con- 
ditions of these experiments. It may be noted that for certain of the charts of 
figures I to 3, the number of animals included is less tlran the total number of dogs 
per series. It was necessary to discard some of the pjTuvate determinations because 
of analytical difficulties. Further, analyses of whole blood glucose were not carried 
out in the early experiments and therefore these data are not available for 4 of the 
survivors which had been treated with whole blood transfusion. In figure iD> 
respiratory rates for the 2 non-survivors which died in less than 4 hours were omitted 
because these animals panted throughout most of the expeiimental period. 

As has been previously stated, in all of these experiments about 12 pei cent of 
the control blood volume was consumed in handling and sampling. Although no 
actual measurements were made, it is not unlikely that in the period following whole 
blood transfusion, the circulating blood volume of these animals was less than the 
control values. Considering the effica(y of whole blood in the treatment of shock, 
it would be of interest to investigate the effects of increasing the volume of blood 
given in transfusion and to compare the results witli those of the present senes. 
Improvement in the rate of recovery and mortality might result when the blopd 
volume is raised to 125 or 150 per cent of the control value. 
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SUMMARY 

The effectiveness of whole blood transfusion and whole blood transfusion plus 
NaHCOa or glucose in the treatment of hemorrhagic shock has been compared. 
Therapeutic value was judged on the basis of mortahty and also on rates of recovery 
from shock. The results show that the two supplemental agents when used imder 
the conditions of these experiments cannot be considered to be of great effectiveness 
as therapeutic adjuncts to whole blood transfusion in the treatment of shock. 
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CYANATE SPACE IN RAl’S AND THEIR RELATION TO 

BODY WEIGHT' 


C. F. WANG ANI) D. M. IIEGSTED 

From the Department of Nutrition, Harvard School of Puhlic Health, and the Department oj 

Btolofjcal Chemistry, Harvard Medical School 


BOSTON*, MASSACTIUSnTTS 

j 4 LTHOUGH tiicre have been several reports of the normal blood and plasma 
Ajk volumes in rats, the most complete to date have been those of Metcoff 
JL jL and Favour (i) and of Lippman (2). Tlic former authors used the familiar 
Evans Blue dye dilution method while Lippman used the dilution of an injected 
hemoglobin solution. Previous values from the literature were tabulated in both 
of these papers for comparison w'ith the values obtained. The absolute values re- 
ported by Metcoff and Favour and by Lippman arc in reasonable agreement, but the 
conclusions drawn of the relation of these fluid volumes to body size difiter consid- 
erably. Lippman plotted the data as logarithms and calculated the regression 
line obtained. Both blood and plasma volume were found to vaiy^ in proportion 
to approximately the same power of body weight, Wt-"®' for blood volume, Wt-'” 
for plasma volume. An inspection of the scatter diagram presented shows, however, 
tliat the data do not fit the regression line verj' well for small animals. Those weigh- 
ing less than 100 grams fell below while those that weighed about 100 grams fell 
generally above the line. The author suggests that changes in the amount of body 
fat, a relatively avascular tissue, might be tlie cause of tlus poor fit but if such were 
the case one might expect the fit to be poorest for the largest animals rather than for 
the smallest ones, 

Metcoff and Favour, on the other hand, concluded that wliile plasma volume 
was not constant in relation to either surface area or body weight in young rats 
weighing less than 100 grams, the plasma volume of animals above this weight was 
reasonably constant per unit of surface area, about 2.90 cc per 100 cm.®. Since sur- 
face area was calculated from Lee’s formula (3) which describes surface area in 
cm.® as equal'to 12.54 Wt-®, if plamsa volume varies directly with surface area it 
must vary directly with Wt-® as well. This is much different from the value of 
Wt-® obtained b)’’ Lippman. 

Whereas Lippman found both blood and plasma volume to vary with about 
the same power of body weight, Metcoff and Favour reported no constant relation 
of blood volume wdth body weight or surface area. In spite of this finding, Metcoff 
el ah (4) in a later report have calculated blood volumes per unit of surface area also. 
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In a previous paper (5) we have described the methods developed for the deter- 
mination of plasma and blood volumes and thiocyanate space in rats. The methods 
were modifications of those already famih'ar and Evans Blue' was used in the deter- 
mination of the blood and plasma volumes. Normal values were obtained using 
69 rats weighing from 63 to 394 grams. Since the values obtained were similar to 
those reported by Metcoff and Favour, who used a similar method, we have com- 
bined their data with our own to increase the number of determinations and facilitate 
the analysis of the relation of these fluid volumes to body size. 

Thiocyanate space has apparently not been previously determined in rats. Its 
relation to body size as well as to the blood and plasma volumes has also been 
studied. 


EXPiERnrENTAL 

The data were obtained as previously described (5), The animals were sup- 
posedly normal, from a strain originally derived from the Wistar strain, and they 
received a diet of Purina dog chow and water. Food and water were present in the 


Table i. Description of animals from which data were obtained 


AUTHOR 

1 

GROUP 

SEX ; 

WEIGHT 

RANGE 

NUMBER OP ANniAES 

Blood vol. 

Plasma vol. 

Thiocyanate 

space 



1 

JfW. 




Metcoff & Favour 

1 

X 

M 

41-68 

12 

12 



2 

M 

73-89 

9 

9 



3 

M 

137-336 

13 

13 


Wang & Hegsted 

4 

F 

6s-8o 

10 

10 

9 


5 

F 

114-136 

10 

1 10 

10 


6 

F 

168-294 

42 

42 

26 


7 

M 

281-394 

7 

7 

7 


cages until the time the determinations were done. Metcoff and Favour (i) used 
Sherman strain animals which were fed a purified diet. Their animals were fasted 
for 4 hours prior to study. 

The data thus available are indicated in table i. The animals have been 
grouped according to certain weight limits, and the groups numbered to facilitate 
the discussion. The method used in the analysis has been that already extensively 
used in studies upon relative growth by Huxley (6) and more recently by Brody (7) 
and others. These and other authors have shown that the relation of organ iveight 
as well as metabolic rates, food intake, etc. may be well represented by equations of 
the fype: Y = a Wt^ 

It may be helpful to point out that the exponent b is the relative increase in 
Y with respect to Wt, or if the decimal be moved two places to the right, it is the 
percentage increase in Y when Wt increases 100 per cent or is doubled. Thus if a 
value of I is obtained for b, Y and Wt increase proportionally and in this event a 
straight line relationship would be obtained in an arithmetic plot. 























220 


C. F. WANG AND D, M. HEGSTED 


Vchmt 10 


The equation is obtained as described by Brody (7) by plotting the data as 
logarithms and calculating the regression line which has the form: log Y = b log 
Y' t log a. Removal of the logarithms results in the familiar equation. However, 
it should also be mentioned that two regression lines may be calculated for each group 
of data. Tiie value of b may thus be either b,. or b* depending upon the line calcu- 
lated. The line with the deviations measured in the Y direction which gives by is 
the one ordinarily calculated. Zuc}:cr (8) points out tliat the value of by is always 
smaller than b*, and that the true line is c.xpcctcd to fall between the two calculated 
lines. The value found for by must therefore be a near minimum estimate. Re- 
gression lines w^ere calculated for the data indicated in the figures w'hich follow, 
through different weight ranges as well as for the combined data. The determina- 
tion of tire correlation coefficients, standard errors of estimate, and the standard 
error of the .slope, by, were used as well as logic to arrive at the lines representing 
the best fit of the data. Since increasing the range upon the x axis will ordinarily 
improve the correlation coefficient, this must be borne in mind in interpreting the 
results. 

Finally, it may be expected from the data of Hu.xlc}' (6), Brody (7), and others 
summarized by Brody, that one line may not accurately depict the values over the 
entire weight range of the animals. Growth rate, metabolic rate, liver weight, etc. 
all show a marked change in their relation to body weight in rats weighing approx- 
imately 100 grams, which is approximately at the time of puberty. Our findings 
indicate this to be true for blood and plasma volumes and thiocyanate space as well. 

RESULTS AND DISCUSSION 

Figure i is a scatter diagram showing values obtained for the blood volume of 
rats of various sizes. Although the reader’s impression of the data is influenced by 
the lines which have been drawn, it seems apparent that tw’O lines are required to 
adequately represent the data. The break is clearly between 100 and 150 grams of 
body weight but whether the data falling within tliis region should be included with 
the smaller animals, the larger animals, or excluded from either line might be de- 
batable. 

The over-all line has the equation BV = .191 Wt-®^‘. This is essentially the 
same as that obtained by Lippraan. Table 2 show’s the statistics calculated for 
the regression lines over the various weight ranges. Inclusion of the group weigh- 
ing between 114 and 136 {group 5, table i) with the smaller animals improves the 
correlation, whereas inclusion with the larger animals markedly decreases the cor- 
relation. From this analysis there would appear to be no logical reason for not in- 
cluding all of the animals up to 140 grams in weight as one group, and the animals 
above this w’eight as another more or less homogeneous group. The value of the 
exponent b for both of these lines is approximately i. Therefore it appears that 
blood volume varies approximately as the body weight in these two w’eight ranges, 
40 to 140 gm., 140 to 400 gm. When the body weight is doubled the blood volume 
is also approximately doubled and blood volume may logically be expressed as per- 
centage of body weight. In the smaller animals it is approximately 9 per cent of the 
body weight, while in adult animals it is approximately 7 per cent. In the transi- 
tion zone any estimate will clearly be of dubious value. 
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Fig. 


I. Relation of blood volume 
to body weight in rats. 



Table 2, Effect of range in weight toon various regression lines calculated and the 

RELIABILITY OF REGRESSION LINES 


COMPABISON MADE 

WEIGHT 

HANGE 

NO. OF 
ANIMALS 

n 

b ± Sb 

r 

Blood vol. vs. wt. 

gm, 

40-100 

31 

.0417 

I. 19 ± .117 

.88 


40-136 

41 

.0785 

1.04 ± .061 

.94 


120-400 

72 

.0049 

0.49 ± .094 

.42 


137-400 

62 

.064 

1.02 ± .068 

.89 


40-400 

103 

.192 

0.82 ± .023 

.96 

Plasma vol. vs. wt. 

41-100 

31 

.027 

r.169 ± .172 

.86 


41-136 

41 

•073 

.932 ± .069 

1 .91 


I 14-400 

72 

•175 

.725 ± .041 

‘ .90 


* 136-400 

62 

.118 

.Soo ± .071 

.82 


41-400 

103 

M 

00 

.723 rt .022 

.96 

Hematocrit vs. wt. 

41-400 

103 

20.37 

.146 rfc: .016 

.67 

Thlo. sp. vs. wt. 

63-136 

19 

•043 

1.36 ± .058 

.98 


168-400 

33 

.I2S 

1.06 ± .084 

.91 

Thio. sp. vs. bl. vol. 

63-136 

19 

I.2S 

1.32 dz .171 

.96 


I 15-400 

42 

4 '53 

.79 ± .051 

. -92 


63-400 

52 

{ 

2.67 

.97 ± .038 

■ .96 

vol. vs. thio. sp. j 

63-400 

i 

5. 1 

1 

.421 1 

i 

.82 rfc .039 j. 

:,95 


a and -'b' arc the constants in the equation Y = aN>. Sb is the standard error of ‘b’. 
r ~ ^^’’^'clation coefficient. 
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Tiic standard error of the estimated blood volume is rather large, about ±g per 
cent, although within a uniform group such as group (? it is considerably smaller as 
judged by inspection. 7 'he relatively large error, which may be due either to var- 
iation within animals or errors in the method, must be considered in any use to 
whidj blood volumes may be put. 




Fig. 2 (upper). Relation of plasma volume to body weight in rats 
Fig. 3 (Icnver). Relation of the hematocrit to body weight in rats 


A similar plot of the plasma volume data is shown in figure 2. In these data the 
inclusion of the group of animals weighing between 115 and 140 with the smaller 
animals improves the correlation somewhat and lowers the value of b from 1.17 
to 0.93, Adding the data to that obtained from larger animals also improves the 
correlation and lowers the regression coefficient b from 0.80 to 0.72. It would thus 
appear that this weight range is where the break actually occurs, and the data may 
be included in either group. This was done in calculating the two regression lines 
shown in figure 2. It is of interest that the line obtained from the data from the 
adult animals is similar in slope to that obtained from the combined data of all the 
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animals. However, as pointed out with regard to Lippman’s data, it is dear from 
inspection that this line does not fit at all well the plasma volmnes of young rats. 
This line has a slope somewhat but not significantly less than that obtained by 
Lippman. 

It is therefore concluded that the plasma volume of young rats may be best 
represented by the line PV = .073 Wt-*^^, while in the larger animals, PV = .175 
Wt' 725 ^ As has been discussed with regard to blood volumes the weight range just 
above 100 gm. is in a transition zone, but it appears that either equation will give a 
fair estimate of plasma volume in this region while this was not true of blood volumes. 

It should be noted that over either weight range the increase in blood volumes 
with body weight is more rapid than the increase in plasma volume. This difier- 
ence, if it is real, must indicate an increase in the hematocrit with weight. As indi- 


Fig. 4, Relation of thiocyanate 
space to body weight in rats' 



cated by the regression line in figure 3, there appears to be an overall increase of ap- 
proximately 15 per cent in the hematocrit witli a 100 per cent increase in body 
weight. It is impossible to tell whether there are breaks in this data comparable to 
those observed in blood and plasma volumes because of the relatively wide scatter 
within the animals, compared to the rather small increase with age. However, there 
is a suggestion of a break near loo-gm. body weight witJi a rather marked increase in 
hematocrit at about this age. Relatively little increase is apparent from 40 gm. up 
to 100 gm. This would account for the difference in the data observed in the blood 
volumes as compared to plasma volumes. 

Since Metcoff and Favour did not determine thiocj'anate space, the data avail- 
able are considerably less numerous. However, as shown in figure 4 thej'- arecon- 
sistent with the previous findings in that thiocyanate space is apparently more 
accurately predictable with two regression lines tlian with one. In j’oung animals 
the thioc3’'anate space apparently increases more rapidly than body weight, 136 per 
cent increase per 100 per cent increase in body weight. In adult animals the thio- 
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cyanalc space increases nearly proportional to body weight. In these animals it is 
nearly constant at 17 per cent of the body v.'cight. 

In figures 5 and 6 the relation of thiocyanate space to blood and plasma vol- 
umes is shown. The overall cliangc in blood volume is nearly proportional to 
thiocyanate space although there is a suggestion of a break in the data similar to that 
which has been shown previously. However, the plasma volume and thiocyanate 
space relation appears to be well represented by a single regrc.ssion line for all of the 
animals. According to this line the plasma volume increases more slowly tlian the 
thiocyanate space. When the thiocyanate space increased 100 per cent the plasma 

volume increased 82 per cent. Thus the ratio — is not constant but 

plasma volume 



Fic, 5 (/<■//), Relation of thiocj’anatc space to blood volume in rats 
Fig. 6 {right). Relation of plasma volume to thiocyanate space in rats 

varies from approximately 3.9 for young rats weighing 60 gm, to approximately 
4.8 for rats near 350 gm. in weight. 


DISCUSSION 

In the analysis of the data which have been obtained, we have attempted to 
determine the rate of change of the various body compartments with changes in 
body weight and with each other. This appears necessary rather than a simple 
statement of the values as percentage since there are apparent changes with age. 
Wiereas blood volume can apparently be expressed as a percentage oir body weight 
either in the young rats, 9 per cent of body weight, or in the adult animals, 7 per 
cent of body weight, this does not appear possible when thiocyanate space or 
plasma volume is being compared to body weight. In young rats the percentage 
of the body occupied by these fluids varies over a considerable range. In older 
animals thiocyanate space appears relatively constant when expressed as percentage 
of body weight. 

While it is believed that the changes in the body fluid volumes in relation to 
body size as indicated in the figures and in table 2 are real, it would be unwise to 
attach too much significance to the absolute values obtained. As has been indicate , 
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even in the blood volume measurements which appear to be as reliable if not more so 
than most of the other determinations, the standard error of the estimate is of the 
order of 9 per cent. Thus two tlrirds of normal values should fall witliin ± 9 per cent 
of the predicted value and approximately 95 per cent within the region of ± 18 per 
cent. This obviously gives considerable spread to the data. How much of this 
spread is real in the sense that normal animals of the same strain and under similar 
dietary conditions vary in blood volume, and how much is due to errors m the method, 
are at present unknown. However the best that can be done with any method is to 
indicate a range within which normal animals fall. 

In the experimental use of such data as has been obtained one wishes to be able 
to compare animals which have received various treatments, diets, etc. to some 
normal standard. Since the treatment may influence body weight some correction 
must obviously be made for this change. If adult animals are used the present data 
suggest that such adjustments could be made with a considerable degree of satisfac- 
tion. The situation would appear to be considerably more complicated when young 
animals are used, since marked changes in the various fluid compartments occur in 
our normal animals somewhere between 100 gm. and 140 gm. in weight when the 
animals are approximately 2 months of age. WTiile it may be suspected that this 
change is related to sexual development, the weight or age at which it may’ occur 
may be expected to vary when the dietary or other experimental conditions cause 
dianges in the rate of growth and development. If some of tlie animals reach mature 
weights while others in the same experiment with a different treatment grow poorly, 
it is doubtful if any valid comparison of their fluid volumes etc. can be made. 
Better experimental design would appear to be the use of adult animals, if possible, 
in which the relations of fluid volumes to body weight have become stabilized. It 
may be suggested also that the changes in metabolism, growth rate, food intake, 
organ size, etci as related to body weight may have important implications which 
might well be considered in the planning of many experiments. 

The actual data obtained agree reasonably well with those of Metcoff and Favour 
(i) and of Lippman (2). Our conclusions, however, differ. Whereas Lippman' pre- 
sented a single regression line as representative of animals of all weights, this does not 
appear valid for eitlier blood volume or plasma volume. Two lines which have very 
similar slopes for blood volume give a more accurate picture of the relationship. 
Similarly two regression lines are required to show the relation of plasma volume to 
body weight, but these are apparently of different slope. Our data indicate a more 
important change in hematocrit, and thus less rapid increases in plasma volume than 
blood volume instead of essentially similar rates of increase with body weight as 
found by Lippman. With regard to the conclusions of Metcoff and Favour, we agree 
that the relation of plasma and blood volumes to body weight show a change at or 
shortly after puberty, but we find no valid reason for calculating either blood or 
plasma volumes in terms of surface area. Since surface area is calculated as a power 
of body weight, it is more logical to use the actual power of body weight found experi- 
mentally rather than an arbitrary one such as Wt-®. Kleiber (9) has fully discussed 
the errors and inconsistencies involved in the use of surface area as a unit in metabolic 
studies. The same reasoning is applicable here. 
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SUSIMARY 

Normal values of blood and plasma volume and of thiocyanate space were deter- 
mined in rats ranging in weight from 40 to 400 grams. The relation of these fluid 
volumes to body w’cight appears to change markedly at or shortly after puberty. 
Prior to this time the blood volume appears to be proportional to the body weight 
(varies as WP*°), the plasma volume increases at a slightly lower rate with increases 
in bod}' weight (varies as Wt-®-) and the thiocyanate space increases more rapidly 
than body weight (varies as Wt*-’). In adult animals the blood volume is lower but 
again increases in proportion to the body weight, the plasma volume increases with 
body w'cight at a considerably slower rate (varies as Wt-®®) and thiocyanate space 
varies appro.vimately in proportion to body weight (WP). 

The changes in hematocrit with weight, increase in proportion to W't-'®, appar- 
ently account for the difTcrent relations of blood and plasma volumes to body weight. 

Tliiocyanate space and j)lasma volume relation is apparently reasonably con- 
stant over the entire weight range studied. The plasma volume increases in propor- 
tion to thiocyanate space Thus the ratio of thiocyanate space to plasma volume 
falls with increasing size of the animals. 

We arc indebted to Merck & Company, Inc., llalnv.iy, N. J., Corn Industries Research Founda- 
tion, New York City, Gaines Division of General Foods Corporation, Hoboken, N. J., Sheffield 
Farms Company, Inc., New York City, Eli Lilly & Company, Indianapolis, Ind., and Wililam R. 
W.arner Company, New York City, for generous supplies of materials used in tlicsc studies. 
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DETERMINATION OF BLOOD AND PLASMA VOLTOES, 
THIOCYANATE SPACE, AND BROMSULFALEIN 
CLEARANCE IN RATS^ 

C. F. WANG AND D. M. HEGSTED 

From the Department of Nutrition, Harvard School of Public Health, and the Department of 
Biological Chemistry, Harvard Medical School 


BOSTON, MASSACHUSETTS 

A LTHOUGH the rat is a convenient animal and has been used extensively in 
/ \ nutritional studies with proteins, there are relatively few reports of tlie 
JL JL changes in the various fluid compartments of the body (blood volume, 
plasma volume, and thiocyanate space) during protein depletion in this species. In 
general, the methods which have been used for the measure of the space occupied by 
these fluid volumes require too much blood to allow repeated estimates in animals as 
small as the rat (1-7) . Protein deficiency is also known to produce marked histologi- 
cal changes in tlie liver (8, 9) and the measurement of changes in liver function might 
also be of use in evaluating the effects of protein depletion. Again, most of tlie 
methods available require considerable blood and have not been adapted for use with 
small animals. 

A series of studies has been completed in wliich changes in blood and plasma 
volume, thiocyanate space, bromsulfalein retention, and the chemical and histological 
changes in the liver have been measured at intervals during protein depletion in rats. 
The results obtained will be reported in subsequent papers. This paper describes 
the methods used for the determination of blood and plasma volume, thiocyanate 
space and bromsulfalein clearance in rats which were done with one injection of a 
mixed solution of Evan’s Blue Dye (T-1824), thiocyanate and bromsulfalein. Two 
small blood samples, 0.5 ml. each, were drawn at 5- and lo-minute inten^als after the 
injection. These suffice for the measure of the hematocrit and the content in the 
blood of the three materials injected. 


JtETHODS 

Animals ranging from 60 to 400 gm. in weight were used. The methods were 
uniform except that in order to achieve blood concentrations of a convenient range, 
the amount of the dye T-1S24 and the amount of thiocyanate injected were decreased 
to half the amount stated below when animals below 100 gm. in weight v/ere used. 

Injection and Blood Sampling. With the animal under Hght ether anesthesia, 
the front of the neck was washed with soap and water, shaved, and washed with 
alcohol. An incision about 2 cm. long was made from the sternal end of the clavicle 

Received for publication November iS, 194S. 

^ Supported in part bj' grants-in-aid from the American Meat Institute, Chicago, HI.; the 
Nutrition Foundation, Inc., New York City; tlie hlilbank Memorial Fund, New York City; and 
Swift and Company, Chicago, 111. 
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(0 llie aiiKlo of Uie lower jav.-, and the fascia scjiarated by Idunl dissection to expose 
tlic jugular vein. d'Jte foreleg on the same side a.s the incision was fixed in a suitable 
position with a push pin to e.xpose tlic vein prominently. At zero time, 0.4 ml. of a 
.solution containing 5 mg. hromsulfalein, 10 mg. sodium thiocyanate, and 0.9 mg. 
Kvan’s Tllue was injected with a calibrated tuberculin syringe. The needle was left 
in situs for about ro seconds until all of the dye had left the vein. At exactly 5 and 
10 minutes after injection, 0.5 ml. of blood was taken by heart puncture with a sterile 
syringe previously moistened with heparin solu f ion (Liquacmin). With practice, the 
.samiiles could be olitnined nlmo.st exactly at the correct time and the needle was in- 
serted slightly in advance to prevent delay if the heart was not punctured immedi- 
ately. However, the time did not need to be c.xact except for the liver function test, 
and even there the results suggested that adequate corrections could be made for 
variations in time. 

Four-tenths ml. of blood w’as diluted 10 times by adding it to a small tube con- 
taining 3.6 ml. of normal saline, mixed gently, and centrifuged for 15 minutes. The 
supernatant w’as used for the various determinations. A sample of blood obtained 
from a control, non-injccted animal was similarly treated for use as a blank in the 
various measurements. The remaining blood which had not been diluted was used 
for measure of the hematocrit. Wc used Van Allen tubes spun for one hour at 3000 
rpm in this determination. 

Blood and Plasma Volumes. Two ml. of the supernatant w^as placed in small 
standardized colorimeter tubes and read in the colorimeter equipped wth the 57s 
millimicron filter and set to allow too per cent transmission with the control sample. 
The concentration of Evan’s Blue was determined from a previously constructed 
standard curve, and the amount of dye in the 2-ml. sample calculated. Since this 
amount of dye w'as obtained from 0.2 ml, of blood, the blood volume w'as readily 

obtained as — — — _ ... Plasma volume was calculated as the blood volume 

5 X mg. m sample 

times i-hcmatocrit. 

BromsiilfaJcin Determination. The color of the hromsulfalein wms developed by 
the addition of o.oi ml. of 10 per cent sodium hydroxide to the tube previously read 
in the colorimeter and immediately read again using the same filter. The value 
obtained was due to the sum of the color of the Evan’s Blue and the hromsulfalein, 
and hromsulfalein alone was obtained by difference since the Evan’s Blue reading was 
not changed by the alkali.* In order to make this subtraction, the readings were 
converted into optical densities (2-log. reading). The optical density thus obtained 
for the hromsulfalein alone was then compared to a standard curve to obtain the con- 
centration in the sample and the concentration in the original blood calculated. The 


• * The absorption spectrum of the Evan’s Blue-protein comple.’i is changed and shifted to the 
right by the addition of alkali, but the transmission of the 575 m/i filter in the Lumetron colonmeter 
is such' that the reading is essenU'ally unchanged by this shift. In adapting the method to tae 
Beckman spectrophotometer it was found that equal transmission before and after alkah was oD- 
tained at 581 mfx and standard curves were therefore made using this wave length. One may, ot 
course, read' the' Evan’s Blue at another appropriate wave length and make a calculated correcuon 
of the reading for hromsulfalein. This will be necessary if a selected filter does not give the sam 
reading before and after the addition of alkali to the Evan’s Blue plasma soludon.' 
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amount cleared from the blood was then calculated as the difference between the dose 
injected and the total amount in the blood as determined from the concentration and 
the blood volume. 

Thiocyanate Space. The thiocyanate content of the supernatant was deter- 
mined with another sample from the 10-minute blood sample. One ml. of the 
supernatant and an equal volume of 20 per cent trichloracetic acid were mixed and 
allowed to stand 10 minutes. After centrifugation, i ml. was placed in the pho- 
tometer tube, followed by i ml. of 5 per cent ferric nitrate solution. The tube was 
immediately read using the 420 millimicron filter with the instrument set to give 100 
per cent transmittance with the control tube similarly treated, and the thiocyanate 
content determined from a standard curve. The sample read in the colorimeter 
represented 0.05 ml. of blood. The thiocyanate space was obtained by dividing the 
dose injected by the thiocyanate content per ml, of blood. 


Fig. I. Evan’s Blue Dye and thio- 
cyanate concentration in the blood at inter- 
vals after the time of injection. 



According to Lavietes e/ al. (7) thiocyanate distributes itself in the plasma and 
red cells in approximately the same concentration. This was studied by comparing 
the thiocyanate content of whole blood and plasma obtained from the same samples 
of blood. In 16 different bloods which contained approximately 180 ng. of thio- 
cyanate per ml., the mean difference in concentration of the plasma and blood was 
only 1.5 Mg/ml. .This was well below the accuracy of the methods involved. Thus 
in our experience, the distribution in plasma and cells appeared to be practically the 
same. 

Mixing Time of Evan's Blue and- Thiocyanate. The results obtained by sampling 
at intervals after injection on the Evan’s Blue and tliiocyanate concentration of the 
blood are shown in figure i. In both instances, a relatively constant concentration 
appeared to have been obtained after 5 minutes. However, we used the 5-minute 
sample for the calculation of blood volume and the zo-minute sample for thiocyanate 
space. No attempt was made to correct the values obtained to zero time. 

Bromsulfalcin Liver Function Test. The rate of disappearance of bromsulfalein 
from the blood in relation to time was investigated in a group of adult animals all of 
approximately the same weight. As shown in figure 2 the dye disappeared from the 
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blood at a wpid but decreasing rate, and a straight line is obtained if ^ - is 

, . , ^ . . Jdood cone, 

piotted against time. / hts relation may be expressed also as concentration x time = 

a constant, and correction may be made to obtain the standard ^'minute concentra- 
tion hy sahstitution of the concentration and time, calculation of the constant, and 
then solving for the concentration when lime ~ five minutes. 



Fig. 2 . Gr.vpi! shouisg the 
nwoa co,vcENTR.\TiOK of brom- 
sulfntem at various times after in- 
jection, and the straight line rela- 
tion obtained by plotdng 


— against time. The 

concentmlion 

original concentratio.n was calcu- 
lated from the blood volume and 
the dose injected. The concen- 
tration was expressed in diiTerent 
units to allow plotting upon the 
same scale. 


Fig, 3. Total clearance 
OF BROMSULFALEiN after s min- 
utes compared to dose of broni- 
sulfalcin. Open circles indicate 
animals which received the same 
dose, 5 mg. Solid circles indicate 
adult animals which received 5, 
10, or 20 mg. 
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BROMSULFALEIN, M6/100 GM.B.WT 


In order to account for differences in body size, the clearance in mg/ 100 gra. of 
body weight was calculated using the blood volumes and the blood concentration. 
The clearance, as shown in figure 3, is directly related to the dose of bromsulfalein 
also expressed as mg/ioo gm. of body weight. Most of the points on the curve were 
obtained by injecting the same dose of 5 mg. of bromsulfalein in rats of different sizes, 
but the few points obtained by injecting different size doses in animals weighing about 
200 gm. fit the same curve even at extremely high levels. 
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DISCUSSION 

The methods described have been used extensively with excellent results in rats 
as will be shown in subsequent papers. The calculation of the bromsulfalein test in 
terms of clearance based upon the actual blood volume would appear to have both 
practical and theoretical advantages over estimated values. Since the plasma 
volume, thiocyanate space and liver function may be determined following the injec- 
tion of one solution with practically no additional work, other than a few manipula- 
tions and colorimeter readings, over that ordinarily required for the measurement of 
any one of these tests alone, the extension of these methods to clinical practice would 
bear investigation. Undoubtedly the combined data would be more useful clinically 
than any of the single determinations. While the use of small blood volumes was of 
importance in these studies with small animals, the volumes may, of course, be varied 
to any convenient range. 

The application of the ordinary clinical liver function tests for use in small ani- 
mals should allow studies not possible with clinical material. However, it may be 
noted that the ability of the rat to remove bromsulfalein from the blood far exceeds 
that of the normal human being per unit body weight. The dose of bromsulfalein 
which we have used routinely in rats is at least 10 times per kilo of body weight that 
used in clinical practice. Nevertheless, it is apparent from the fact that the clearance 
is a constant function of dosage even at much higher levels, that the dose is far below 
the maximum ability of the animal to remove the dye, and presumably little stress is 
actually placed upon the liver by such dosages. The same appears to be true in the 
usual clinical test since normal rates of removal are obtained when a considerable part 
of the liver is apparently non-functional. The shape of the disappearance curve 
indicates that the method loses accuracy when the time interval is unduly prolonged 
since the rate of change becomes extremely small as the blood concentration reaches 
low levels. 


SUMMARY 

Methods have been described for the simultaneous determination of blood and 
plasma volume, thiocyanate space and bromsulfalein clearance which are suitable for 
use with rats. In agreement with previous investigators, Evan’s Blue dye utilized 
for the determination of blood and plasma volumes was uniformly distributed in the 
blood before the lapse of 5 minutes after injection. Thiocyanate also appears to have 
been uniformly distributed after 5 minutes although we allowed 10 minutes as a 
matter of precaution. 

Rats have a great ability to remove bromsulfalein. In rats of the same size 
(equal blood volume), the rate of removal from the blood during the first 20 minutes 
after injection is such that concentration x time = a constant; correction may thus 
be made for variations in the time when blood samples are taken. TWth rats ranging 
from 60 to 400 gm. in weight, the clearance from the blood per 100 gm. of bod}' weight 
was found to be directly related to the dose per 100 gm. of body weight. 

We are indebted to Merck & Co., Inc., Rahway, N. J., Com Industries Research Foundation, 
New York City, Gaines Division of General Foods Corporation, Hoboken, N. J., Sheffield Farms 
Companj’, Inc., New York City, Eli Lilly & Company, Indianapolis, Ind., and William R, Warner 
Company, New York Cil}', for generous supplies of materials used in these studies. 
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SELF-SELECTION OF SALT SOLUTIONS AND WATER BY 
NORMAL AND HYPERTENSIVE RATS 

M. ABRAMS, A. I. C. DeFRIEZ, D. C. TOSTESONi and E. M. LANDIS 
'Prom the Department of Physiology, Harvard Medical School 

boston, MASSACHUSETTS 

T he tendency of animals to regulate their intake of food and water according 
to their metabolic requirements has been observed in pigs (i), domestic 
fowl (2) and normal rats (3). More recently Richter (4) has reviewed 
many examples of the striking specificity of such ‘self-selection’ on the part of rats 
made abnormal through adrenalectomy, hypophysectomy, parathyroidectomy or 
pancreatectomy. When offered those salts or foods which might counterbalance an 
induced abnormality, such animals generally chose very accurately those materials 
which tended to compensate for specific malfunction and thus prolonged life. 

For experimentally hypertensive rats little is known concerning such self- 
selection except for their tendency to take more water than control animals (5). 
It seems possible that, if hypertensive rats were given systematically a choice of a 
wide variety of salts and foods, changes in their blood pressure together with their 
voluntarily reduced or increased intake of one or more specific substances might 
indicate metabolic abnormalities associated with the hypertensive state. 

This paper describes studies on normal and hypertensive rats indicating a) the 
range of variation in the self-selective intakes of certain isosmotic salt solutions, b) the 
lowered intake of NaCl and NaHCOa by hypertensive rats and c) the unchanged 
intake of certain salts which sometimes alleviate hypertension of man or animals. 

METHODS 

WMte male rats of the Rockland or Wistar strains, weighing between 150 and 185 gm., were 
first observed for to 3 weeks, their blood pressures being measured three or more times in this 
period by means of the heated plethysmograph described by Sobin (6). Those with systolic blood 
pressures read once above 140 mm. Hg, or with average values above 130 mm. Hg, were discarded to 
exclude any rats with a possible tendency toward spontaneous hypertension. Of the remainder, from 
one half to one third were kept as controls, while the others were subjected to bilateral renal encapsu- 
lation, using the latex rubber molded sheaths described by Abrams and Sobin (7). The rats which 
developed hypertension (usually 70-90% of those operated and surviving) were diwded into two 
groups, viz. ‘moderately hypertensive’ with systolic blood pressures between 160 and 185 mm. Hg 
and ‘severely hypertensive’ with systolic blood pressures between 185 and 240 mm, Hg. 

Groups of 3 rats, each in a 20" x 12" x 10" cage, were offered distilled water and five salt solu- 
tions by means of six drinking bottles, three on each side of the cage, with.tips shaped as small bowls 
to prevent spillage and to reduce evaporation to negligible amounts (less than o.i cc/day). Bottles 
and tips were cleaned carefully and refilled daily to assure an unfailing supply of solution. To avoid 
habit formation or conditioning, the positions of all six bottles were changed daily. The bottoms of 
the cages consisted of half-inch mesh, permitting feces and urine to fall to a pan beneath, thereby 
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avokling errors from copropbagy aiui drinWng of urinc> Salts v.cre oiTered in o.ty molar solutions 
in distilled wafer excc[)t for si)ccial observations designated below. Tnc amount of each soluU'on 
taken by 3 rats was determined by daily wcigliing of the bottles. To prevent confusion *Mth grams 
of solids taken, the int»ikcs of fluids are given in cc., nsstirning their .specific gravity equals unity. 
The error in tlii.s as.sumpt.ion is J«5 lh.*in i.o per cent and, being consistent, docs not affect the ralid- 
ity of tlic comjtariEons made. 

In most eximriments, 18 rats were followed concurrently, viz. two aigcs each containing 3 
normal rats, two cages each containing 3 moderately liypcrtcnsivc rats and two c,igcs cadi contain- 
ing 3 severely Jiypcrtcn.s!vc rats. Whenever po.ssiblc, additional or ‘sp.irc* control and i)7>crtcnsive 
animals were placed on each cx{)crimcntal regimen so that if illnc.ss or dc-itli reduced the number in 
a given c.tpcrimenlal cage, anotlicr rat in tiic same categorj' might be shifted at once to that cage to 
prevent interference with the standard obr-ervation, 

/\s each new group of six solutions was presented, the rat.s tended for the first few clajm to take 
widely varjdng amounts of some solution.s but, after 2 to jo days, daily intakes became fairly constant 
and choices or aversions became clearer. Ncvcri}iclc.ss, because of day-to-day vanation, even after 
the preliminary’ stabilization period of 2 to jo days, all conclusions liavc been based, with rare c-c- 
ceptions, upon a minimum period of 50 rat days, i.c. mean intake of 3 rats for 10 day’s, in terms of the 
volume of solution taken per day (cc/ioo gm. of rat/24 hr.). In comparing intakes, the standard 
errors of the means and the T values were calculated to determine the significance of any differences 
observed during the last 10 days of c.ach total i2-to-20-d.iy’ period of test. 

Body w’cights and systolic blood pressures were recorded twice weekly. Ch.’Uigcs in the general 
appearance, activity and food intake were noted daily. Each of the cages contained four plastic, 
angled, tubular food cups mounted in the back wall so that daily food intake could be measured ac- 
curately' w’ithout loss. Diet during the experimenlai periods consisted in mostinstanccs of powdered 
Purina Laboratory Chow’, containing, according to the manufacturer, 0.4 per cent Na as NaClb Fof 
comparison in the initial series of salts, a salt-poor synthetic diet was used in one seric? as follows; 

Sucrose 73 gm. Comoil Sgm* 

Purified casein 18 gm. Salt mixture 4gm. 

The specific salts being tested in each experiment were omitted from this mLxlure which othcr- 
w’ise was as given by' Hegsted ci al. (8). 


Tliiamine chloride 

Riboflavin 

Pyridoxine hydrocliloride 
Caldum pantothenate . . . 

Choline chloride 

Vitamins A and D, each . 


0.3 mg/ 100 gm. ration 
0.4 mg/ 100 gm. ration 
0.3 mg/too gm. ration 

1.0 mg/ioo gm. ration 
100.0 mg/ioo gm. ration 

25.0 u./ioo gm. ration 


OBSERVATIONS 

Selection of Common Cations, Scries A. The results observed for 3 normal, 3 
moderately hypertensive and 3 severely hypertensive rats in a typical lo-day period 
offering 0.17 M. solutions of NaCl, KCl, CaCU, MgCls, NH4CI and water are 
shown in figure i. Despite considerable daily variation it appears that the hyper- 
tensive rats took a) less NaCl solution and b) more distilled water than the normal rats 
did, but drank smaller and equal amounts of the KCl, Cads, MgClo andNHiCl solu- 
tions. Even though? each solid bar represents the average intake by 3 rats, dauy 
variations were great enough to require statistical analysis to determine the signifi- 
cance of differences between means for each 10-day period. 

Figure 2 illustrates the collective results of four experiments (120 rat days) 
similar to that in figure i. In this and most subsequent figures the heaxy bars (to 


® A more recent manufacturer’s analysis reports 0.97 per cent Na. 



SOLUTIONS A — UNIT OBSEfiVATION - 3 RATS, 10 DAYS 


ca 

TAKEN 

PER 

too CMS. 
RAT 

PER PAT 


3 RATS 
IN 
EACH 
CAGE 


SOLUTIONS 
OFFERED 
.17 VOLAR 

SOLUTIONS TAKEN BY 

3 NORMAL RATS 

HYPERTENSIVE RATS 

3 MODERATE 

3 SEVERE 

N.CI 10 

■l«i; 

5 

10 

* 5 

- 

KCI . 

1.3 ^ 


c,ci, 1 

1.9% ^ 

- ****•““••' ~ 0 

5 

5 

5 


5 

. 1.6% ^ 

5 

• 

NH4CI ° 

0,9% ^ 

5 


• 

WATER 10 

« 10 


-MM 

TOTAL 20 

FLUIDS 

to 

- _ 20 

< IQ 

“ ■ — 

- 10 

- m ^ 

'6 5 10 “ 6 5 10 ’ 0 5 lb 

TIME— DAYS 


Fig. I, Cham shotving daily intakes of water and of salt solutions by normal and hyper 
tensive rats for lo days, in groups of 3 rats each. 


SOLUTIONS A 


SALT 

SOLUTIONS 
CC. OF 
.IT MOLAR 


NiCI 


KOI 


! I 1 


CiCI, 


Mja^ 


NH,CI 


WATER 


TOTAL 


ISi 


FLUIDS 


INTAKE -CC PER 100 GMS. BODY WEIGHT PER 24 HOURS 
MEAN AND STANDARD ERROR OF MEAN 


NOR- 

MAL 


HYPERTENSIVa 


MOO. S£« 


JBC- 


NORMAL 


6.27 





.79 


.21 


T.04 


.24 


V.04 


.28 


T.«4 


861 




16.40 




hypertensive 


MODERATE 


2.39 


4JI 


.66 


T.IO 


.24 


¥.04 


.40 


TJ9 


.32 


¥.05 


10.52 


¥A3 


14.53 




SEVERE 


4.48 


¥3# 


.66 


¥11 


28 


.30 


¥05 


.35 


¥04 


12.28 


¥35 


18.35 


T.<t 


BASED 

ON 

RAT-DAYS 

NUMBERING 


120 


120 


120 


120 


120 


120 


120 


Fig. 2. StrsniASY of intakes, salt solutions of Series A, each bar representing av. for 120 rat 
days. For description, see text. 
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the lefl) indicate mean daily intake of each salt solution in cc/ioo gm. body wight; 
the thin lines to the right of t!ic tops of the bars represent the standard error of the 
corresponding means. A capital 'S' i>etwecn bars indicates that the difference 
between the two corresponding means is highly sig nificant v.-het]ier c alculated from 
the standard errors of the means (Mi - M; > 2 \/S.E.m’ + S.E.m’) or by Fisher’s 


SOLUTlOnS B 


SALT 

SOLUTIOJfS 

IHTAKL- CC, PER 100 0».tS, BODY WEIGHT PER 24 HOURS 
UEAfI AHO STaHOARO ERROR OF U£A?{ 

EASED 

Oil 

CC OF 

J7 MOLAR 

HOR- F 

imsi 


1 HrFEfiTEHSrvt 

RAT-OAVS 

UAL 1 

mod| sev 


MODERATE 

SEVERE 

fiUWSERDIG 


n 

mm 

Ml 

n 

2.61 

3.85 

T,4I 

60 

bbbmI 


.40 

23 

Ai 

f.c> 

60 

Ni^iSO^ 2 . 


21 

TjC5 

.59 

T.tl 

.17 

T.O) 

60 



.17 

.tB 

»,cs 

J6 

f.O) 

60 

fill 2 . 


.16 

T.e4 

,14 

*£} 

.11 

60 

■ 



8,04 

10.79 

12.50 

T.73 

60 

20 r 

15- 

TOTAL 

FLUIDS 

5'r 

1 


1104 

14.64 

17.20 

60 


n 

5.00 

?.4| 

3.85 

T48 

4.70 

^.<5 

‘ 60 

— » 1 — 


Fig. 3. SuMMARy OF INTAKES, Salt solutions of Series B, each bar representing av. for 6o rat 
days. For description, see te.’ct. 

test (P is .01 or less). A small ‘s’ between bars indicates that ‘P’ lay between .05 
and .01 and that the difference is questionably significant. Absence of the letter ‘S 
or presence of an ‘X’ indicates that the means were not significantly different. For 
more detailed comparisons the table in the right portion of figure 2 gives the numerical 
means on which the bars are based, together with the standard error of each mean. 

From figure 2 it seems clear that moderately hypertensive rats elected to take 
significantly less one per cent NaCl solution than did normal rats and that their 
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intake of water was significantly greater. The severely hypertensive rats while 
taking most water, took more NaCl than the moderately hypertensive rats, though 
still less than the normal rats. This change of NaCl intake in moderate and severe 
hypertension was found consistently as shown also in figures 3 and 4. In agreement 
with previous reports (5), the severely hypertensive rats took most water. 

Of the other salts, KCl, CaCl2, MgCl2 and NH4CI, much smaller and equal 
amounts were taken and without any significant differences between the intakes of 
normal and hypertensive animals. 


Fig. 4. SuJIilARV OF IN- 
TAKES, salt solutions of Series C., 
each bar representing av. for 60 
rat days. For description, see 
text. 


SOLUTIONS C 


SALT 

SOLUTIONS 
CC Of 
J7 MOLAR 


INTAKE- CC PER 190 GWS. BODY WEIGHT PER 24 HOURS 
MEAN AND STANDARD ERROR OF MEAN 


NOR- 

MAL 


WPERTENSDEi 


MOD SE\£ 


NORMAL 


HYPERTENSIVE 


MODERATE SEVERE 


EASED 

ON 

RAT-OAYS 

NUMBERING 


NiCi 




3.38 


166 


2.72 




UiHCOj S: 


NiSr 


I 


4,30 


.93 




.45 


.66 


2.29 
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1.26 

»4t 


60 


60 
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H.,C^0, 2 
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.18 


».«s 


.15 


T.OJ 


.19 
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.23^ 
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.24 


WATER 
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1242 


13.12 


4JI 


4JS 
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$0 


60 
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FLUIDS lo] 


14.04 


16.19 


19.82 


*JU 


■f.TT 


Jt- 


TOTAL 
SODIUM 5| 
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e; 


8.54 

4J4 


3.77 


44J 


€.70 


4.J2 


60 


60 


Selection of Certain Anions Combined vrith Sodium, Series B and C. In addition 
to the common anions, e.g., HPO4, SO4, HCO3 and citrate, these groups contained 
salts that have been used in the sjnnptomatic treatment of hypertension or arterio- 
sclerosis, e.g., NaNOa, NaBr, NaSCN and Nal (figs. 3 and 4). These were offered 
to determine a) whether or not any of them would be taken selectively by hyper- 
tensive rats and b) whether or not they would affect either the h5p)ertension or the 
voluntary restriction of NaGl. 

As in the preWous series, the moderately Inqoertensive animals took least NaCl 
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solution (figs. 2 anfl 3) and more water. The severely hypertensive animals took 
only sliglilly Ic.ss NaCI .solution than the controls though tlicir water and total fluid 
intake were greater. DifTcrcncc.s were less striking in Series B (fig. 3} v.'hen choice 
inchidcd five sodium salts, via., NaCl, Na-HrOi, NajSO^, NaNOjand Nal, than in 
Series A (fig. 2) in which only one sodium .salt was offered. This difference may have 
been due to a ‘tasting error' which will be dc.scribed in greater detail below. It may 
be presumed that when several equally concentrated solutions of sodium salts were 
offered, mere sampling tended to produce a smaller, and possibly less consistent, 
intake of NaCl, because all the offered solutions contained Na ions. This e,xplanalion 
is supported a) by the still less clear difference between normal and ]i3q)ertensive rats 
when total intake of all sodium. salts was computed by' addition of the means (bottom 
fig. 3) and b) by the observation that small amounts of salts other than NaCl were 
taken only sporadically', whereas on many days intake was zero or so near zero as 
not to be delectable in weighing the bottles to the nearest gram, NaCi, on the con- 
trary', was taken every' day' in considerable and more uniform volumes. 

When offered a choice between NaCl and NallCOj (Series C, fig. 4), specificity 
of aversion and choice was again surprisingly clear. Sodium intake was partitioned 
chiefly between these two solutions, while the others were neglected almost com- 
pletely. In this series, intake of NaCl, NaHCOs and of total Na salts was least in 
the presence of moderate hy'pertension, with the same tendency' on the part of severely 
hypertensive animals to increase their intake slightly'. 

For tlie other ions, 1IP04, SO4, NO*, I, SCN and citrate, intakes (figs. 3 and 4) 
-were minimal and equal in all groups, with the single exception of NaBr for which a 
doubtfully significant increase of intake appeared in the severely hypertensive group. 
More amusing than important was the observation that when hy'pertensive animals 
had access to NaBr for a long time, c.g., 38 days, some, but not all, took enough 
accumulated bromide to become somnolent or even serai-stuporous. Their food 
intake fell off, they' lost w'cight and their blood pressures in some instances fell 
toward normal. Removal of NaBr led almost at once to restoration of activity', food 
intake, body weight and hypertension. In agreement w'itli the doubtful significance 
of the differences between the mean intakes of NaBr in figure 4 this sequence was 
observed in only some hypertensive animals and even in them not consistently'. 

Comparison of Sodium Intake toilh Purina Choiv and with a Purified Synthetic 
Diet. To exclude the possibility that these findings were due to the composition of 
the accompanying diet of Purina Chow, the observations were all repeated in alter- 
nate periods using (fig. 5) the purified diet described under Methods. As each 
series of salts w'as given, the salts offered in solutions were omitted from the salt 
mixture which formed part of the diet corresponding to each period. All rats, 
normal and hypertensive, took less of the sy'nthetic diet than of Purina Chow and 
their body weights did not increase as rapidly as they did on the latter. The purified 
diet contained more -water so that average total fluid intake was less despite the 
development of mild diarrhea by some animals. Nevertheless, on this diet also, as 
shown in table i, the moderately hypertensive rats took least NaCl, NaHCOa and 
total sodium salts, mile this relative difference persisted, it is interesting that the 
absolute volumes of NaCl, NaHCOa and total Na solutions taken were generally 
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greater (one minor exception) on the synthetic diet than on Purina, as might be 
expected because the former diet contained much less sodium than did the latter. 

The remaining salts were taken in similar and minute amounts by all 18 rats, 
normal and hypertensive, with the single exception of NaBr, of which the severely 
hypertensive rats again took almost three times as much as the controls. Water 
intake was generally less but the relative polydipsia of the severely hypertensi\^e rats 
was also evident on the purified diet though at a somewhat lower absolute level. It 
was concluded that the observed differences in the intakes of sodium chloride and 
bicarbonate were not due to the diet given concurrently. 



m PWIHA DIET TIME — OATS I HiCI •* It. Ci, Mt KK, 

PI'RIPIEO DIET CD HiCI ♦H?0,.504,EHO, 

m HiCI tKCO, Citf. sen. Sr 

Fig. 5 . Chart showtng systolic blood pressures, body wt. and food intakes while offered 3 
series of salt solutions and 2 diets. 

Food Intake, Body Weight and Blood Pressure. These are summarized in figure 5 
in whicli the shaded blocks indicate the diet offered and the lettered blocks the salts 
offered. The salts corresponding to the letters are shown in the lower right hand 
comer of the figure. The vertical lines on the curve of body weight (fig. 5) indi- 
cate substitutions of animals from the spare stock mentioned under AIethods. The 
whole control group had to be clianged early in the e.vperiment because of diarrhea. 
Single hjT>ertensive animals had to be substituted occasionally as shown because of 
cardiac failure or cerebral hemorrhage. 

Food intake was greatest and most constant when Purina Chow was offered, 
least and most variable when the synthetic diet was used. Body weight also in- 
creased most rapidl}'' when Purina Chow u'as given, but the over-all gain in weight 
was. generally least in the severely hjT>ertcnsive group. 
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Systolic blood pressure remained fairly constant throughout except a) for the 
normal slight rise in tlic control group as they became older and h) a transient fall in 
the moderately hypertensive group when the intake of NaBr led to stupor of some 
animals and reduction of food intake almost to aero. It is noteworthy that lliough 
die severely hypertensive animals took more XaBr and were equally stuporous wth 
almost aero food intake, their blood pressures remained high. There was no evidence 
at any lime that the reduced intake of XaCl reduced blood pressure presumably 


T,^nu: I, Cuoicr^s or salt sor.CTio.vs avd wates ov svvTrnrrtc Dicr (aix. ros 6o eat days). 

STAJaiARD EEROR.S Or Ifr.AKS COMPCXXO OVtY TOR .S'ACI, AVP V.AffCOj 
j IKTAKC, CC/lOO<V{. POOVVrx/j^ftR. 


roLunoNS (KAi.TS0.j7M.) 


N’ormst 


llyptJteaiive 


MtyJffSte 


Sivtre 


NaCl 

KCl 

CaCl, 

AlgClj 

mcl 

Water 

1 S.i7 rfco,66 

• 7 ^ 

.28 

.41 

-•73 

5. II ±0,56 
.87 

• 3 t 

.26 

4.15 

S.SS ±0,46 

1. 15 
.31 

.29 

.3S 

6,2s 

NaCl 

5.87 ±0.19 

4.43 ±0.43 

8,31 ±o.St 

Na-HPOi 

.22 

.24 

• 30 

NajSOj 

•31 

•49 

.24 

NaNOj 

•27 

■ -7 

.28 

Nal 

.26 

•27 

.29 

Total Na 

\ 6,93 

5-70 

9.42 

Water 

2.46 

5-94 

7.16 

NaCl 

2.32 ±0.22 

3.06 ±0.29 

4.07 ±0.59 

NaHCOj 

5.94 ±o- 4 S 

1.40 ±0.18 

2.22 ±0.35 

NaBr 

.40 

•52 

1. 10 

Na citrate 

.22 

.24 

.24 

NaSCN 

.24 

.24 

.20 

Total Na 

9.1:2 

S. 4<5 

7.83 

Water 

1.23 

5.77 

6.78 


because voluntary restriction was not sufficiently complete to be effective to the 
degree that a rigidly salt-poor diet is (Grollman and Harrison, 9). 

Consistency of Sodium Intakes by Different Strains of^ Rats. The comparisons 
so far described were carried out on rats of a single strain (Sherman) and source 
(Rockland Farm). Table 2 summarizes data on three separate lots of the Sherman 
strain and four lots of the Wistar strain, the latter coming from two sources, Wistar 
Institute and the Charles River Animal Farm. IVhether the results are considered 
as individual groups or in terms of grand means, it seems clear that the hypertensive 
animals of all lots and both strains consumed less Na, in the form of NaCI and 
NaHCOs, than did normal animals. The differences appear to be greater m t e 
Wistar strain, but this may have been due to the smaller number of Wistar anima s 

studied. 
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Comparison of Intakes by Single Rats and by Groups of Three. To provide 
larger statistical samples, the observations described above were based on minimum 
unit periods of 30 rat days, i.e,, 3 rats together in one cage observed for 10 days after 
stabilization on each group of choices. It was expected that in exploratory studies 
such pooled figures would reveal trends more uniformly and rapidly than if single 
rats were used. That this was the case is shown by figure 6. 

In this comparison 9 rats, viz., 3 controls and 6 moderate hypertensives, were 
placed in single cages with choice of water and 0.17 M. solutions of NaCl and 


Table 2, Compaeison of total sodium intakes by different str^vins and groups of eats. 

STANDARD ERRORS OF MEANS INCLUDED WHERE THEY WERE COMPUTED IN THE COURSE 

OF OTHER ANALYSES 


STKAIN AND 
GROUP NO. 

INTAKE, TOTAL Na SOLUTIONS CC/lOO Clt. 

BODV n'r/24 Hss. 

TOTAL RAT DAYS 

SALT SOLUTIONS OFEKEED 

0,17 M. 

Normal 

Hypertensive 

Sherman 


Moderate 

Severe 

Nor. 

Mod. 

Sev. 


I 

6.27 rt .54 

2.39 rfc .31 

4.48 ± .38 

120 

120 

120 

Scries A, fig. 2 


5.00 ± ,41 

CO 

H- 

CO 

4.70 ± .45 

60 

60 

60 

Scries B, fig. 3 


8.54 ± .64 

3.77 ± -43 

6.70 ± .72 

60 

60 

60 

Series C, fig. 4 


8.27 ± .66 

5.11 i .56 

5.88 db .4^5 

60 

60 


Series A, table i 


6.93 

5.70 

9.42 

60 

60 

60 

Series B, table i 


9.12 

5-46 

7.83 

60 

60 

60 

Series C, table i 

2 

5.67 ± .51 

2.12 ± .34 

3.47 ± .57 

60 

30 

30 

NaCl, NaHCOj, H-O 

3 



4.79 -83 



60 

NaCl, NaHCO,, HjO 








KCl, NaBr, MgCb 

Wistar 








I 

10.85 ± -93 






Same 

2 

4.26 ± .68 

1.47 ± .29 


60 

30 


NaCl, NaHCO,, H ;0 

3 

8.82 


1.90 ± .36 

30 


30 

NaCl, NaHCOa, H .0 








KCl, CaCb, MgCb 

4 

5-63 

2.99 


30 

30 


Same 

Grand Jleans 








Sherman .... 

7. II 

4.06 

5-78 





Tl 7 s/ar 

7.39 

2.23 

1.90 



1 



NallCOs. Their intakes were recorded daily and individually for 10 days. Mean 
intakes and standard errors of the means were computed first for single rats and, 
hence, for units of 10 rat daj'-s. These results are shown in the unshaded bars of 
figure 6. The daily intakes were then added as if each group of 3 rats had been 
together in one cage; the corresponding results for the customar}' 30 rat da}'s are 
shown by the shaded bars of figure 6, with standard errors of each mean shown to 
the right as a vertical line. 

These single rats showed large differences in their partition of Na intake between 
HCOs and Cl. With respect to NaCl plus NaHCOa, however, the results were more 
uniform. The four lowest intakes were found in the hypertensiv^e rats (loj, S3, 13, 
Sf). ‘One control rat had an intake less than that of 2 hj-pertensive rats but yet the 
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average intakes of NaCl, KallCOa and tlic total of NaCl plus NaTJCOs, computed 
on Uie basis of 30 rat days, showed the usual significantly reduced intake of these 
salts by the hypertensive animals. Hence, it appears tliat in exploratory studies of 
the t>»pc used here it is justifiable, or at least cj^edient, to use groups of 5 rats to 
determine trends, but this docs not e.vdude occashna} departures from the mean 
behavior on the part of individual rats. This is not surprising in view of the well 
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Fig. 6 . Chart ehowkg in- 
takes of vatcr and 0.17 M. solu- 
tions of NiiCl and NaHCOi b> 
rats a) as indivnduals (opmf bars) 
.and b) as groups of 3 (sdid’hars.} 


known differences in the elective intake of individual rats even under control con 

ditions (3, 4)* . ir.,,/ 

‘Tasting^ Error When Minute Amounts of Relatively Concentrated Solutions mi 

Be Selected. Other than NaCl, NaHCO?, and possibly NaBr, very small voli^es 0 
salt solutions were taken, without detectable differences between normal and ' 
tensive animals. This might indicate a) that these minute quantities w^ere selec 
equally and accurately or h) that the amounts were generally small and equal berau 
of chance errors arising from random tasting of various solutions before g 
or the desired solutions of NaCl or NaHCOs. 
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These two alternatives were tested by offering dilute or concentrated solutions 
of certain salts, together with water and 0,17 M. NaCl and NaHCOa. One series 
of 3 normal and 3 hypertensive rats was offered 0.17 M, KCl, NaBr and MgCk, while 
0.017 M. solutions of these three salts were offered to a second and similar series of 
animals. At the end of 15 days the solutions were reversed so that those rats previ- 
ously offered 0.17 M. solutions were now offered 0,017 solutions and vice versa, 
for another period of 15 days. 

The results were pooled for totals of 60 rat days with the clear result that the 
normal rats did not generally take 10 times as much of the weaker solutions. For 
0.017 KCl, NaBr and MgCb, their intakes were respectively 1.6, 1.5 and 2.7 
times those which they showed for 0.17 M. solutions of the same salts. Hypertensive 
rats took slightly more of the dilute solutions, viz. for 0.017 KCl, NaBr and 
MgCla their intakes were respectively 9.6, 2.6 and 5.9 times that showed for 0.17 M. 

Table 3. Intakes of 0.17 m. solutions of certain other salts, toxic and non-toxic, by 

NORMAL and HYPERTENSIVE RATS 


INTATE— CC/lOO CM, BODY WT/«4 BE. 


SAIT SOBDTIONS 0,17 M. 

Normal, 6o rat 
days 

Hypertensive 

Moderate 

Severe 

younp, 30 rat 
days 

young, 30 rat I 
days I 

old, 30 rat 
days 

Lithium chloride 

Strontium dichloride 

Cadmium dichloride 

0.12 db .02 
o.ii ± .03 

0,10 ± .03 


0.12 ± .03 
0.05 zk .02 
0.06 db .03 

0.08 ± .02 
0.07 ± .03 
0.07 d: .07 

Boric acid 

Manganese dichloride 

Cobaltous chloride 

0.30 ± .o3 
0.08 ± .02 
0.25 rfc .05 

O.IO ± .03 
0.08 ± .03 
0.12 ± .04. 

0.33 ± .01 

1 0.19 ± .01 
' 0.17 ± .05 

0,25 ± .08 
0.09 it: .04 
O.IO rfc .04 


solutions of the same salts. As usual the hypertensive animals took definitely less 
NaCI, NaHCOs and total Na solutions throughout. Therefore, when relatively con- 
centrated solutions are taken in small amounts, it may be concluded that gross 
appetite for these substances is absent but it is still possible that small differences in 
self-selective intake could be shown to exist. Detection of such small differences 
would require offering solutions sufficiently dilute to reduce the ‘tasting error' to a 
minimum. 

Tnilial Studies on Selection of Certain ‘Trace' Substances. The potential im- 
portance of minute traces of certain salts or organic compounds in maintaining 
normal function and growth is well established for animals and also for plants, as 
indicated by the recent monograph of Stiles (10). As an illustration of part of a 
systematic and general screening study, now in progress, comprising a wide variety 
of ions, table 3 summarizes results with six salts which fall in this ‘trace’ group. 
Some of these, particularly cobaltous chloride, are known to be toxic to animals, 
even in small amounts. 

Two groups of normal and three of hypertensive rats were used. For one 
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period these rfits were oficred water and M. solutions of NaCl, NaHCOj, LiCi, 
SrCh and CdClj, observing nicanwhifc effects on blood pressure, body weight and 
food intalrc. 1 he intakes of tlie last three salts are showm in the upper half of table 3. 
The results of similar studies with 0.17 M. boric acid, MnCb and CoCl-are shown in 
the lower half of table 3. In all instances intakes were small and essentially similar, 
their magnitude being in or belo^v the range of the 'tasting error' mentioned above. 
Food intake did not cliange and body v, 'eight show'cd the usual slow rise throughout. 

I\diilc the first three sails were offered, the average systolic blood pressures of 
the control rats fell by a slight but not significant amount, 6.8 per cent; while the 
blood pressures of the hypertensive animals fell even less, 0,4 and 2.4 per cent. When 
the second group of salts w'as offered, the blood pressures of the control rats rose by 
an apparently slgnifiaint amount, 13 per cent, and those of the hypertensive animals 
rose slightly but not significantly, viz., 7 per cent for each group. These elevations 
developed shortly after the solutions were offered and were transient because all 
pressures returned to their prior levels within 30 days after the salts w'erc withdrawn. 

It can be concluded that In'pcrtcnsivc rats did not c.vhibit any gross appetite 
for these particular salts and that the amounts ingested neither increased nor de- 
creased their Iij^oertcnsion significantly. Such minor rises of blood pressures as 
were obtained with the second group of salts in control rats may well have been due 
to early toxic effects because boric acid can produce renal damage (ii) and cobalt 
produces a polycjdhcmia (12) though toxicity may be reduced by concurrent admin- 
istration of manganese (13). Nevertheless, 2 of the hypertensive rats died, one 
during and one shortly after these salts w'crc offered. To determine whether one or 
more of these substances can elevate blood pressure of normal rats merits further and 
more detailed study. 


DISCUSSION 

The observation that hypertensive rats, given free choice, consistently elect to 
take less NaCl than normal rats do adds another item of evidence in favor of the 
apparent relation between certain forms of hypertension and the manner in which the 
body handles NaCl. This relation has been postulated a) because drastic restriction 
of sodium intake reduces the blood pressure of some hypertensive patients (i4> iS) 
and of rats (9); d) because the administration of NaCl increases the hypertensive 
effects of desoxycorticosterone (16, 17); and c) less directly, because of the well known 
reduction of blood pressure associated Avith adrenal insufficiency as well as the rise 
of blood pressure sometimes found with h3^erfunction of the adrenal gland. 

Though moderately h3^ertensive rats often reduced their NaCi intake to less 
than half that of normal rats, their blood pressure remained unchanged. This agrees 
with the observation of Grollman and Harrison (9) that drastic restriction of sodium 
intake is required to produce a significant effect on hypertension. Grollman et al 
(18) found, however, that a forced high NaCl intake by rats did not further increase 
the blood pressure of rats prcAdously made hypertensive by partial nephrectomy as 
done by Chanutin and Ferris (19), nor does excessive NaCl per se produce or ^crease 
hypertension in man (20). This apparently is true also for the t3p)e of experimen 
hypertension produced by latex rubber capsules. When moderately h3q)ertensi 
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rats were offered only 0,17 M. NaCl and NaHCOs without access to water, the 
summed intake of these two sodium solutions increased markedly and progressively 
reaching the very high levels of 27, 30 and 40 cc/ioo gm. B.W./24 hrs. Blood pres- 
sure and body weight did not change significantly until shortly before death. The 
two rats taking the largest amounts of these sodium salts died on the 12 th and 29th 
day of this regimen. GroUman et al. (18) described no fatalities but in their obser- 
vations the high sodium chloride intake lasted only five days. 

The mechanism responsible for the voluntary restriction of NaCi intake by 
experimentally hypertensive rats is at present unexplained as is also the earlier 
interesting observation by Barelare and Richter (21) that pregnant rats exhibit a 
markedly increased appetite for NaCi. Moveover, only one form of hypertension, — 
that produced by the perinephritis due to a latex capsule, — ^has been tested so far. 

In these animals, however, the changes in NaCI intake appeared to be quite 
closely related to the development of hypertension. In the first place, preliminary 
studies in this laboratory by Sobin (22) indicated that the lessened appetite for 
NaCi appeared not immediately following the application of latex rubber capsules, 
but only after two or three weeks as blood pressure began to rise. Sham operated 
animals showed a very slight and insignificant reduction in NaCi intake which re- 
turned to normal. Second, in the present series, those few animals which did not 
develop systolic blood pressures of at least 165 mm. Hg after encapsulation sometimes 
maintained a normal appetite for NaCi or showed an insignificant decrease. Hence, 
it appears that mere encapsulation of the kidneys is not suflScient to change the appe- 
tite for NaCi but that a concurrent significant hypertension is also necessary. Third, 
in one experiment the ‘control’ groups included by error a few animals with blood 
pressures consistently in the range of 140 to 150 mm. Hg and these groups showed 
NaCi intakes below those of many other control groups from which all rats with 
systolic pressures of more than 135 mm. Hg had been carefully excluded by several 
preliminary measurements. It is possible that spontaneously developing hyper- 
tension in rats is also accompanied by. lessened appetite for NaCl. 

Since the changes in NaCl intake did not produce evident dehydration or edema, 
nor affect body weight, it may be inferred that the excretion and intake of NaCl were 
in approximate balance. Determinations of urinary chlorides in a few hypertensive 
and control rats were in agreement with this inference. The change of intake might 
therefore be due to a primary change of appetite per se, or to a change of appetite 
which was secondary to a change of excretion rate. If the latter is present, it might 
be due c) to disturbed adrenal function, d) to changed renal function by reason of 
the perinephric irritation produced by the capsule or c), as a less likely mechanism, 
to a change in pituitary function. Studies to be reported in another paper (23), 
make it appear that the adrenal glands are not responsible for the diminished intake 
of NaCi by hypertensive rats. With respect to the possible role of the kidney, it is 
interesting that the NaCl intake of severely h3q>ertensive rats, while less than normal, 
was still slightly greater than the intake of those with moderate h3’pertension. This 
ma\' be related to greater loss of Na or Cl in the urine in severe hypertension because 
of greater renal damage. This point will be discussed in greater detail later (23). 

Finally, it is noteworthy that hypertensive rats exhibited no special appetite 
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for certain iotis which have f)ccn f'ivcn oraliy for hypertension or arteriosclerosis, to. j 
Ij KO2 and SCN . It may be objected that these salts were given tis the Na salts, but 
the striking partition of Na intake between cbloridc and bicarbonate, whenever the 
latter was available, and the equally striking neglect of Na citrate, suggest that had 
there been any special ai)pctitc for these ions, a similar partition of intake would have 
been found. At any rate, there was no striking modification of intake such as is 
obscrv'cd for calcium and phosphate in parathyroidectomy or for NaCI in adrenalec- 
tomy (4). 

Forced intake of NITtCl protects rats from the hypertensive and arteriosclerotic 
effects of dcsoxycorticostcronc (16), but no evidence of voluntarily increased intake 
of Nl'bCl was obsen’cd here in perincphritic hypertension nor when dcsoxycortico- 
stcronc was given to normal and ly^icrtensivc rats (23), Similarly the first group of 
six trace elements did not contain any v.-hich affected hypertension or for which 
special appetite was exhibited. 

The consistent average intakes of NaCl and NallCOi, the consistent average 
differences in these intakes siiown by normal and liypertcnsivc rats and the equally 
consistent rejections of the other salts ollercd, suggest that this method may be 
profitably extended to those salts and foods not easily axmilable in the ordinaiy diet 
of the laboratory rat. It is conceivable that reduction of h>'pertcnsion, or the 
detection of special appetites, during such offerings may proxdde clues concerning the 
metabolic disorders which underlie lyTicrtension in general. 

SUM31ARY 

Rats made hypertensive by enclosing their kidneys in latex rubber capsules 
were offered water and 0.17 M. solutions of various salts to determine whether or not 
the hypertensive state was associated with any change of appetite for specific salts, 
and whether or not existing hypertension could be modified b}*" self-selection of salts. 

The mild polydipsia of hypertensive rats was confirmed. ^Vhen offered ‘free 
choice’ of various solutions, including solutions of NaCI and NallCOs, hypertensive 
rats elected to take only one third to one half as much NaCI and NaHCOs as did 
normal rats tested concurrently. This restriction of intake xvas more striking m 
moderately liypertensive rats tlian in those with severe hypertension, but was not 
complete enough to restore blood pressure to normal. 

The intakes of Na citrate, Na2S04, NasHPO.,, KCl, CaCb and MgCb were quite 
small and were not detectably different in normal and hypertensive animals. Minute 
differences in appetite for these salts cannot be excluded, however, due to a ‘tastmg 
error’ wdien relatively concentrated solutions are offered. 

Hypertensive rats showed no special appetite for certain salts which have b^n 
described as producing temporary alleviation of hypertension, viz. NaSCN, NaN 3, 
Nal and NH4CI. All these salts were taken equally and in small amounts by norma 
and hypertensive rats with no change of blood pressure. NaBr was taken in greater 
amount by a few moderately hypertensive rats with lowering of blood pressure - 

ary to torpor and reduced food intake, but the results were not consistent enoug 0 
be really significant. 

Salts of certain ‘trace’ elements, viz., boron, manganese, cobalt, hthium, s r 
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tium and cadmium were taken in small and approximately equal amounts by normal 
and b3q)ertensive rats, without significant effects on blood pressure. 

The consistent and significant reduction of NaCl and NaHCOa intake by hyper- 
tensive rats adds another item of evidence in favor of some as yet unexplained relation 
between the hypertensive state and sodium metabolism. The feasibilit}^ of using 
the self-selection technique in exploring possible metabolic disorders associated with 
hypertension is discussed. 

The authors wish to e.xpress their thanks to Dr. Ralph Kellogg for his help in the statistical 
analysis of these results. 
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ANESTHESIA AND GASTRIC SECRETION' 

M. SCHACMTER 

From thf Dcparlmcnt of Physiology, Dalhousie UnkcrsUy 
HAI.rFAX-, .VOVA SCOTIA 

D uring experimcnls carried out in this ]a!jor<itor>' on anesthetized dogs with 
gastric fistulac it wa.s noted that there was frequently a marked and unac- 
countable secretion of gastric juice. .An inve.stigation was therefore made 
of the influence of anesthesia itself on gastric secretion. 

A combination of chloralosc and urethane has long been an anesthetic favored 
for acute experiments on gastric secretion (j, 2). CIdoralo.se anesthesia has also been 
widely used for this purjiose (3-5). ^lost of our e.xperiments were carried out with 
the chloralose-urethane combination which contains one part chloralosc to 10 parts 
uretliane by weight so that tlic animal receives one half the anesthetic dose of each 
drug. Chloralosc, urethane, pentothal and nembutal were also tested indhadually. 

It has always been assumed that there is little or no secretion of acid gastric juice 
under anesthesia unless specific subsequent measures are taken to produce it Hence 
a vast number of acute e.xperiments on anesthetized animals involving various pro- 
cedures employed to analyze tlie gastric secretor>" meclianisms have been reported, 
e.g. electrical stimulation of the vagi and hypothalamus; administration of histamine, 
gastrin and other secretory-' stimulants; the retarding influence of atropine, entero- 
gastrone etc., on secretions elicited by various means; the influence of antihistamine 
compounds on histamine-evoked secretion; the supposed gastric secretagogue liber- 
ated following peripheral antidromic stimulation, etc. (e.g., 2-5). In view of this, 
the fact that chloralosc and cliloralose-urethanc anesthesia were themselves found 
capable of eliciting a marked gastric secretion was felt to be methodologically impor- 
tant and possibly of theoretical significance. 

METHODS 

The experimental procedure involved anesthetizing a 24-hour fasted animal by intravenous 
administration of the drug. All dogs carried brass gastric cnnnulae inserted at least^ two wee 'S 
prior to the e.xperiment. Immediately foUoAving anesthesia the animal was suspended in a canvas 
frame and juice collected from the fistula. The head was allowed to fall forward to insure externa 
drainage of any saliva. Regurgitation of colored duodenal material was rare and if encountered e 
experiment was terminated. Subcutaneous saline was administered to replace fluid loss. A to 
of 35 such experiments was carried out on 12 dogs. To reduce psychic secretion just prior to anes 
thesia the animal was never fed in the experimenting room nor by the experimenter. 

The pn of the juice was measured by the Beckman meter, peptic activity by tlie Nirenstein 
and Schiff modification of Mett's method described by Hawk (6), mucus by measuring the J 

age of non-filterable material through no. i filter paper, and blood sugar levels by the micro me 0 
of Hagedora and Jensen (7). 
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RESULTS 

A. Preliminary Obscrvalions 

Stimulaling action of anesthesia on gastric secretion. The number of experiments, 
volume, and peptic activity of the gastric juice with each drug is shown in table 
I. The data are presented as an average for the large number of experiments with 
chloralose-urethane and individually for the others. Chloralose itself at times evoked 
a greater flow of gastric juice than did chloralose-urethane in the same animal but was 
not used as frequently since its insolubility necessitates administration of large 
amounts of fluid. However, the marked secretion under chloralose and our impres- 


TaBLE I. SimMARY OF DATA OF GASTRIC SECRETION WITH VARIOUS ANESTHETICS 


ANESTIIESIA 

TESTS 

AVERAGE SECRETION 

pa 

PEPSIN' 



cc/ir. 


me/t Vice. 

Chloralose-urethane 

22 

CO 

0.88-1.0 

0-4 



Average all expts. 



1 

Chloralose 

4 

1) 22.7 

0.90-1,05 

0-50 



2) 53-3 

0.88-0. 90 

290 



3) 13-8 

I.O -I. I 

0-4 


1 

4) 45-8 

0.99-1.02 

0-4 

Urethane 

3 

i) 29.1 

0.96-1.02 

0 



2) 40.4 

r.or-r.03 

0-4 



3) 8.5* 

1 I. I 

1 

1 

1 

Pentothal 

2 

i) 25.3 

0,96-x.o 

4-16 



2) 13.6 

I. 0-1.05 

1 

1 

Nembutal 

4 

i) 0-14 

* 0.93 

* r6 

1 

1 


2) o-ii .8 

1.2 -I. 5 


1 

j 


3) 0-4-5 

4) 0 

1.2 -1.5 



^The fn and pepsin ranges are those observed during active secretion following the washing- 
out process. ® Stopped in 20 minutes. 


sion that secretion was more persistent than with chloralose-urethane indicate that 
its effect merits further investigation. 

Despite the variation in volume wdth different (and to some extent with the same) 
anesthesia, highly acid secretion occurred in all but one experiment with nembutal. 
In all experiments with the latter there was a delaj’^ of approximately two hours before 
acid secretion occurred. A similar delaj^ed response was observed in 4 of 22 experi- 
ments with chloralose-urethane. In general, secretion occurred in the first 20-minute 
collection. 

In 8 of 22 experiments with chloralose-urethane the secretion was either much 
reduced or arrested after periods of secretion from one to three hours. In the other 
14, active secretion was still occurring when the e.xperiment was deliberateh' ter- 
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minatcd (or atroj)inc given) after one to five Ijours of active secretion. In the 4 
experiments with cliloralosc, secretion was still active after i hour, .5 liours 20 minutes, 
3 hours 40 minutes, and 5 hour.s 40 minutc.s. In one experiment with urethane it was 
active after i hour 20 minutes and much reduced in the other two after 20 minutes 
and I liour 20 minutes rc.spcctively. With pentothal secretion was active at ter- 
mination after 1 hour 40 minutes in one experiment and much reduced after i hour 
in the second. It will be noted that the figures for nembutal arc given as 0-14 and 
0-11.8 etc. in table r. This is due to the fact t hat the secretion even when present 
with nembutal was erratic and came in sudden short-lasting spurts, in addition to 
having .a long latent period and being of small volume. The second figure for nem- 
butal represents the maximum secretion obserx'cd in an hour. Minor fluctuations in 
depth of anesthesia did not alter the .sccrctorj' reaction but it tended to disappear 

Table 2. Gastric secretiox nuiuxc ciiloralosi:-eri:tiu?.x, bentotual and urettiaxe 


ANESTHESIA AND ITS ARREST BY ATROPINE 


oaoEALosr-uiirTiiAin; 

... 

1 

1 rrjfTornxi, 

1 

'} 

■CMTnAXE 


Volume 

pn 

Pepsin 

Volume 

pn 

Pepsin 

Volu.me 

pn 

Pepsin 

«/so Win. 


Mctt U Ice. 

<c/io win. 


iUll U/cc. 

! / 

ce/eo Wirt, 


Ueit Vice. 

3-2 

i.8s 

170 

IX. 4 

1,02 

36 

6.5 

1. 01 

42 

14.6 

1. 16 


II . 3 


16 

6.4 

0.9s 

19 

10.5 

I. OS 


5-0 

0.92 


10,3 

1.2 

4 

2 S -7 

I. or 


7.2 


4 

12,6 

0,96 

0-4 

26.5 

0.98 

r6 

7-3 

0.98 


7.8 

1.02 

0-4 

23.0 

0.9s 

0-4 

1.5 Wf. olTBpine 

l.S rsf. atropine 

r .5 Wf. atropine 

2.2 

1.08 


4.8 

1.07 

0 




4 


10.2 

1.02 


0,7 



0,9 



0.9 






0.4 



0.0 










with either deep anesthesia or sub-anesthetic doses. It was our impression that the 
range of anesthesia with nembutal which resulted in acid secretion was very narrow, 
being restricted to a range of light anesthesia just greater than sub-anesthetic doses. 
The range of effective anesthesia appeared greatest with chloralose alone. 

Since the animals were negatively conditioned to the experimental situation, 
acid secretion just prior to anesthesia was rare and the gastric mucosa was usually 
neutral or alkaline. On rare occasions when the animal was secreting actively pnor 
to anesthesia, it was allowed to stand in the frame until secretion subsided. Secretion 
ocemred after anesthesia, however, irrespective of the pre-existing state of the gastric 
mucosa. Hence it cannot be a simple perpetuation of a pre-anesthesia psychic 
secretion. 

Composiiion of the juice. Voltxme. As seen in table i the average hourly secre- 
tion in a large number of experiments with chloralose-urethane was substantial. At 
times this combination, or chloralose alone, gave an hourly secretion of 80 cc. Pro- 
tocols of separate experiments with chloralose-urethane, urethane and pentot a 
are shown in table 2. 
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The pH. Following the initial ‘washing-out’ of mucus and food particles the 
pn of the juice almost always fell to 0.9 to i.o (table 2). After this it remained re- 
markably constant as long as secretion persisted. Frequently the values were in 
the range of the maximum values of histamine juice in dogs of 0.91 ± .02 as observed 
by Hollander and Cowgill (8). It would therefore appear that there was always a 
maximal activation of the acid secretion. 

The secretion obtained with nembutal anesthesia, in addition to being by far the 
least and most erratic, did not regularly fall to as low a pH as did the others (table i). 
This diSerence in acidity is probably due to greater neutralization by washed out or 
slowly secreted mucus with the small volumes of acid secretion. 

Pepsin. Although the pepsin values started at varying levels they rapidly fell 
to barely detectable amounts with chloralose-urethane. This was observed in 7 
experiments with chloralose-urethane in which pepsin determinations were made. 
This characteristic of the secretions resembles the rapid fall and subsequent low peptic 
activity of histamine juice in dogs as observed by Babkin (9) and by Gilman and 
Cowgill (10). 

In the small number of pepsin determinations made during active secretion with 
the other anesthetics (table 2), except in one instance with chloralose, the pepsin 
values of the juice were remarkably small. In this one experiment with chloralose, 
however, the pepsin values rose during secretion reaching approximately 300 Mett 
units/cc. 

Mucus. Following the initial washing out the secretion obtained with chlora- 
lose-urethane contained practically no visible mucus. On two occasions 60-cc. 
samples of chloralose-urethane juice were filtered through no. i filter paper. The 
non-filterable component constituted only 0.5 and i per cent of the total. This again 
is in accord with the reported low mucus content of histamine juice (i). This was 
also grossly true of the otlier anesthetics, except that considerable amounts of visible 
mucus were present in one experiment with chloralose mentioned above in which large 
amounts of pepsin were also detected. 

Effect of atropine. Atropine sulfate in subcutaneous doses of 1.5 mg. and occa- 
sionally 2 mg. was administered in 4 experiments with chloralose-urethane, 2 with 
chloralose, i with urethane and i with pentothal. This dosage regularly either com- 
pletely or almost completely abolished the secretion. In the latter instances a veiy 
slight residual secretion of acid juice persisted. This was always less than i cc/ 20 
minutes. This sensitivity to atropine suggests an important r 61 e of the nervous 
S3rstem in the mechanism of the secretion. The effect of atropine is also shoum in 
table 2. 


B. Further Analysis of the Chloralosc-TJr ethane Phenomenon 

Effect of trauma on the secretion. In view of the fact that very man\’' acute experi- 
ments on gastric secretion have been carried out (see Introduction), and this gastric 
secretoiy^ phenomenon of anesthesia never been reported we attempted to investigate 
possible explanations for it. Almost all previous experiments under anesthesia in- 
volved some relatively severe traumatic procedure such as insertion of the gastric 
cannula at the time of experiment. It had already been observed by Babkin, 
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Schnditcr and Nisse that aclcUtional trauma such as extirpation of the pylorus could 
arrest gastric secretion for as long as 2 hours despite continuous electrical stimulation 
of the vagus nerve (r i). We therefore decided to see v/hat effect trauma had on the 
chloralosc-urcthanc secretion. Immediately following the insertion of the cannula 
the animal was suspended as before and secretion observed. Three such experiments 
were carried out w'ilh chloralosc-urcthanc and lire secretion subsequently obseived 
for I, 2I and 3 hours, respectively. One was carried out with nembutal vdth a subse- 
quent observation period of 2I hours. In no instance was there the slightest acid 
secretion in the periods observed. Approximately 3 weeks later following complete 
recovery, all 4 animals secreted actively following chloralose-u re thane anesthesia. 
Evidently the secretion had been completely inhibited by' this operative procedure, 

EJfc.cl of vagotomy. 'J wo ty^pcs of e.xperiments were carried out to assess the r 61 e 
of the vagi in this secretion. 

I. Eitect of acute vagotomy. Si.x c.xperiments were carried out for this pur- 
pose. Following anesthesia with chloralosc-urcthanc the cervical vagi were exposed 
as rapidly and gently' as possible and threads loosely placed around the vagi which 
were then allowed to fall back into position. This procedure took appro.ximately 7 
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minutes. In 3 of these experiments the mere exposure and slight manipulation of the 
vagi resulted in the complete absence of any' acid secretion for the entire period of 
observation, viz., 2 hours, 4 hours 10 minutes, and 4 hours 30 minutes, respectively. 
In one instance considerable secretion of an erratic nature occurred and in 2 experi- 
ments it was active and regular. In the 2 latter instances the cervical vagi were 
suddenly sectioned during secretion with the result that secretion was immediately 
arrested and remained so for the subsequent observ'ation periods of several hours 
(table 3) . The 3 animals whose secretion was completely arrested all secreted actively 
several days later w'hen the vagi were not e.xposed. 

2. Effects of qironic vagotomy. Three dogs previously' found to secrete 
actively with chloralose- urethane anesthesia w’ere aseptically vagotomized. One dog 
by subdiaphragmatic vagotomy, another by subdiapluragmatic section plus section 
of the left cervical vago-S5mipathetic trunk and a third survived bilateral cervical 
vago-sympathectomy for months. In the latter, section of all vagal fibers to the 


stomach is assured. AU animals showed essentially the same reaction, viz.. 


the 


restoration of the gastric secretion obtained with chloralose-urethane shortly following 
recovery from vagotomy and its subsequent almost complete disappearance as time 
was allowed for degeneration of the cut nerv'es to occur. Three weeks after the 
operation in all three instances the gastric secretory' response to chloralose-urethane 
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was tremendously reduced and frequently unobtainable at all thereafter. Th& 
sequence of events is most clearly demonstrated by the dog with bilateral cervical 
vago-sympathectomy since the slight trauma incurred by this operation permitted 
an experiment with chloralose-urethane to be performed 3 days post-operatively. 
The secretion was not only restored but was greater than the pre-vagotomy secretion. 
Nevertheless it almost completely and permanently disappeared again after severa 
weeks. Protocols of experiments with this dog are shown in table 4. 

Another observation of interest in view of the controversy regarding variations 
in acidity of pure gastric juice (i) was frequently seen in the chronically vagotomized 
dogs first appearing about 4 weeks post-operatively. This consisted of the sudden 
liberation of fairly large amounts of a neutral or slightly acid, non mucoid, slightly 

Table 4. Effect of chloralose-urethane anesthesia on secretion of same bog before 



turbid (but not bile stained) fluid within the first few minutes following anesUiesia 
witli chloralose-urethane. At times more than 30 cc. of juice of pR 6 was obtained 
Avithin 20 minutes following induction. On some occasions this neutral or slightly 
acidic juice began to flow rapidly following anesthesia in an animal whose mucosal 
reaction prior to anesthesia had been more acidic, which indicates the activation of a 
specific neutral secretion. The limited number of observations precludes any definite 
conclusions but is strongly suggestive that secretion of a non-mucoid, neutral juice 
by the gastric glands is possible under certain conditions. This phenomenon is evi- 
dent in table 4. 

EJfed of chloralose-urethane on blood sugar. Since insulin and the amino acids 
exert a gastric secretory action by virtue of h}'pogl3’^cemia (i) we obsen'^ed blood sugar 
levels during active secretion with chloralose-urethane. In 2 experiments not only 
Avas there no fall in blood sugar after anesthesia but a slight rise of appro.xiraately 10 
per cent. This is in accord with the slight hj'pergtycemia effected by the barbiturates 
and other anesthetics (12). 
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DISCUSSION 

The tiegree to wliich nioclcrale trauma may inhibit an abundant gastric secretion 
as evident from our experiments vritli chloralosc-urcthanc, should be considered in 
interpreting experiments involving traumatic procedures. The mechanism whereby 
the cliloralose-urcthanc secretion i.s jjrcvcntcd is nevertheless of interest. The fact 
that acute vagotomy completely arrests a secretion in progress but that this secretion 
returns to full intensity’ within a few days suggests that the arrest of secretion is due 
to some activity’ of the vagus nerve resulting in a peripheral refractory’ stale of the 
secretory’ cells. There arc two possibilities for the mechanism of such a phenomenon: 
a) cflfcrcnt impulses passing down the vagi might render the neuro-cellular secretory’ 
mechanism resistant to further stimuli; h) arrested secretion could be secondary’ to 
constriction of the gastric blood vessels. The presence of efferent vaso-constrictor 
fibers in the vagus has never been demonstrated. Ilowcvcr, the possibility of afferent 
impulses in the vagi reflexly causing vaso-spasm via the splanchnics cannot be ruled 
out. Pavlov long ago claimed the existence of 'score tory’-inhibitory’’ fibers in the 
vagus supply’ to the stomach and pancreas (13). His concept however has since been 
opposed and has been neglected in phy’siological theories of the ner\'0us control of 
secretion (14). Nevertheless, the complete degree of inhibition observed with acute 
vagotomy’ and at times even with slight manipulation of the \'agi suggest that Pav- 
lov’s concept still merits consideration. 

The consistent minimal amounts of mucus and pepsin plus the high acidity of the 
juice obtained with chloralose-urcthane raised tlie question whether or not histamine 
liberation might be an effective Hnk in the mechanism of this secretion. Babkin (15) 
and Emmelin and Kahlson (16) have suggested the possibility that histamine may 
play a phy’siological rOle in the nervous phase of gastric secretion. However the fact 
that insulin, amino acids (i), and etliyl 3:3 dimethyl allyl barbituric acid (17), which 
are believed to act through the vagi, all result in a juice containing considerable mucus 
and pepsin tended to contradict tliis theory. The fact, how'ever, tliat chloralose- 
urethane secretion markedly resembles that of histamine y’et is largely dependent on 
integrity of the vagi indirectly supports the possibility of the mediation of histaimne 
in this phase of secretion. 

We cannot offer a completely satisfactory explanation for the variation in secre- 
tion rate, onset and duration of secretion in the 22 experiments with chloralose- 
urethane, nor with the other drugs. Numerous factors such as depression of the 
blood pressure, circulatory inadequacy etc. might secondarily influence the secre- 
tory reaction. Further, since the gastric secretory response to insulin shows con- 
siderable quantitative variation (18), it is possible that these fluctuations are inlierent 
in variations in sensitivity’ of the ners’ous mechanism. 

SUMMARY 

Chloralose and chloralose-urethane anesthesia cause a marked secretion of very 
acidic gastric juice in dogs previously equipped with gastric fistulae and not sub- 
jected to any trauma at the time of anesthesia. Urethane, pentothal and to a 
much lesser degree nembutal anesthesia also result in the secretion of varying amounts 
of gastric juice of high acidity under sumlar conditions. ^ 
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The chloralose-urethane phenomenon was especially investigated. This secre- 
tion was regularly found to approach a pK of 0.9 and to possess minimal amounts of 
pepsm and visible mucus, thus resembling the secretion evoked by histamine. It 
was completely abohshed by the traumatic procedure of preparing the gastric fistula 
at the time of the experiment, and was at times completely prevented by slight 
mechanical manipulation of the vagi in the neck. In those instances where the phe- 
nomenon v;as not abolished by exposure of the cervical vagi it was immediatel}’’ 
arrested following acute vagal section . ' The secretion returned to full intensity within 
a few days after vagal section only to almost completely disappear again as time for 
nerve degeneration elapsed. The secretion was not associated with a reduced blood 
sugar level but was regularly abolished by atropine. It was markedly reduced or 
unobtainable in chronically vagotomized dogs. 

The possible r61e of histamine in the ner\^ous phase of gastric secretion and the 
possibihty of a nervous mechanism inhibiting the secretory cell directly are discussed. 
Evidence is presented to suggest that the gastric glands may secrete a neutral or 
weakly acidic, non-mucoid juice under certain conditions. 

This work was financed by a grant from The National Research Council of Canada which is 
gratefull3' acknowledged. 
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From (he Dcparlmail oj Clinka! Scki'.re^ UnhorsUy r>J lUvwis College of Medicine 

ancAco, lu.iN-ois 

T here arc Uvo theories concerning the origin of the alkaline phosphatase 
in the bile (i). One theory'' holds that the alkaline phosphatase of the blood 
scrum is excreted into the bile (2); the other states that the alkaline phos- 
phatase v.'hich appears in the bile is formed by the liver cells (3, 4). Freeman and 
Chen (5) have determined the rate of disappearance of abnormal concentrations of 
phosphatase from the circulation of normal dogs. The slow disappearance of the 
injected phosphatase was interpreted by them as indicating that if the liver excreted 
serum phosphatase into the bile, it did so only very slowly. It was considered de- 
sirable to obtain more direct evidence on excretion of serum alkaline phosphatase in 
the bile. 

This study was designed to determine directly the phosphatase concentration of 
bile and its minute output in normal dogs in acute e.xperiments before and after the 
transfusion of scrum from a dog vrith obstructive jaundice. In order to get some in- 
formation on the origin of pancreatic alkaline phosphatase, similar studies were con- 
ducted on the pancreatic juice simultaneously. 

.t i - 

JEETHOD 

These e.xperiments were carried out on a chronic donor and acute recipient dogs 
The donor was a large dog (weighing 20 kg.) whose common bile duct had been liga- 
ted 10 to 75 days prior to the time of transfusion. The recipients were all small- 
sized (5. 5-7.5 kg.) dogs which were anesthetized with an intravenous injection of 
pentobarbital (32 mg/kg. body weight) . Prolonged anestliesia was maintained when 
necessarj'’ by additional intravenous injections. The last feeding of the animals was 
24 hours before the experiment. The trachea was cannulated and a cannula was 
also placed in the left femoral vein for secretin infusion. To preclude stimulation of 
the pancreas by acid in the duodenum the pylorus was occluded. The cystic duct 
was clamped. Bile and pancreatic juice were collected by cannulas inserted into the 
common bile duct and the major pancreatic duct respectively. 

By means of a perfusion pump, highly purified secretin dissolved in saline w'as 
continuously injected intravenously at a moderate rate, averaging 0.83 mg/hr., into 
the left femoral vein of the animal. This secretin preparation was about 20 times as 
potent as SI (6). The purpose of using secretin w'as to stimulate the pancreas m 
order to collect enough pancreatic juice for analysis. Secretin also stimulates hi e 
secretion, but in the doses used the effect was small. Both the bile and the pan 
creatic juice collected during the first hour of response to secretin was discarded ( 7 h 
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Approximately 250 cc. of blood was collected from the donor by femoral arteiy 
puncture.- It was centrifuged and the 100 to 120 cc. of serum so obtained was in- 
jected intravenously into the recipient animal. The injection was usually completed 
within 10 minutes. A small sample of serum from the donor was reserved for alka- 
line phosphatase determination. The bile and pancreatic juice were collected from 
the recipients in 40-minute portions throughout the whole e.xperimental period, in 
graduated centrifuge tubes on ice, and was stored in the freezmg unit of the refriger- 
ator overnight. Three samples each of bile and pancreatic juice and one sample of 
blood were collected before the injection of serum. After the injection, blood sam- 
ples were drawn from the recipients from time to time up to 3 to 5 hours. All sam- 
ples were assayed for alkaline phosphatase content. 

The method used for the estimation of alkaline phosphatase was essentially the 
one described by Shinowara, Jones and Reinhart (8). The estimation of the ‘initial’ 
inorganic phosphate and of the ‘total’ inorganic phosphate after incubation was de- 
vised by Dr. J. Canepa of this laboratory after Holman’s method for inorganic phos- 
phate. This method was outlined briefly in a previous communication (7). For 
bile samples, it is necessary to decolorize by using acid-washed activated charcoal 
before analyzing for inorganic phosphate (9). 

From the alkaline phosphatase content of the various samples the number of 
units secreted per minute in the bile and pancreatic juice was calculated by multi- 
plying the concentration expressed in u / 100 cc. by the volume of the sample in cc. 
divided by 100 times the length of collection of the sample in minutes. 

RESULTS 

The concentration of the enzyme in the blood of the recipient dogs before and 
after the injection of the high phosphatase serum in the four experiments is shown in 
table I. All 4 dogs showed a normal level of serum alkaline phosphatase before the 
injection. After the injection, the concentration of the enzyme in the blood was 
greatly increased in all. Even at the end of 5 hours the concentration was still 
maintained at a high level, although all showed a tendency to decrease slowly. 

The volume, enz3rme concentration and enzyme minute output of the bile and 
the pancreatic juice obtained before and after the injection of serum with high phos- 
phatase content are shown in tables 2 and 3. The volume of the bile samples shov.’ed 
a tendency to decrease toward the end of the experiments while the concentration 
of phosphatase increased to such an extent that the enzyme minute output in the bile 
remained essentially unchanged. As can be seen from table 3, the volume of the 
pancreatic juice showed a tendency to increase after the injection of the serum. This 
was accompanied by a decrease in phosphatase concentration so that, just as with 
bile, tlie enzyme minute output in the pancreatic juice remained essentially un- 
changed or rather slightly decreased. 

DISCUSSION 

These results disprove the belief that the serum alkaline pliosphalase is nor- 
mally excreted in the bile or in the pancreatic juice. The alkaline phosphatase in 
the bile and in the pancreatic juice, therefore, is mainly formed by the liver and the 
pancreas respectively. In obstructive jaundice, owing to the fact that the normal 
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channel of escnpc of phosphatase is blocked, the alkaline phosphatase formed in the 
liver is released into the blood stream, thus causing the rise of the enzyme content in 
the serum. This is analogous to the rise of the scrum amylase and lipase which ac- 
companies obstruction of the pancreatic duct. 

In the case of the pancreas, an elevation of serum alkaline phosphatase has also 
been reported to occur with obstruction of the duct (lo). Ho^vcver, the liver injurj' 


TaULK I. SCRUif AI-KAUS'K PIIOSPUATASK CO.VCnKTRATION' OF RKCmCNT DOCS nCPORE AOT AFTEE 
TFIK INJECTION* OF UICII PJIOSPIIATASK SERUM (4 DOGS) 



Table 2. Aliuline phosphatase concentr-xtion* and minute output in bile bf.fore and after 

THE IN'JECTION OF jnCII PHOSPHATASE SERUSI (4 DOGs) __ 



^ All samples were collected In 40-min. portions. 


which occurs after ligation of the pancreatic ducts is apparently responsible for the 
sustained elevation (9, ii). 

While this paper was in manuscript Cantarow and Miller (12) reported on simi- 
lar experiments carried out on duodenal fistula recipient dogs. Our data are gen 
erally in agreement with their results. It is of interest that they noted that the degree 
of elevation of serum phosphatase was greater than can be accounted for by the 
phosphatase activity of the injected serum. This indicates that a phenomenon 0 
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activation is involved when normal serum and serum with elevated phosphatase are 
mixed (12-14), 

In our experiments the rise in serum phosphatase in recipient dogs j and 2 was 
approximately of the magnitude that would be anticipated on the basis of calcula- 
tions using the phosphatase concentrations of the recipient and donor, plasma volume 
of the recipient and volume of the serum transfusion. By contrast, similar calcu- 
lations for dogs 5 and 4 indicate that considerable activation of phosphatase must 
have occurred upon mixing. It is particularly interesting to note that in these last 
two recipients, the phosphatase values fell rapidly over a period of several hours to 
the level that would be anticipated on the basis of calculations. This suggests that 
the ‘activator’ is rather quickly destroyed by the normal animal. The donor dog 
for all four experiments was the same animal. The blood transfused to the recipient 


Table 3. Alkauke phosphatase concentration and inNUTE output in pancreatic juice 

BEFORE AND AFTER THE INJECTION OF HIGH PHOSPHATASE SERUM (4 DOGS) 



DOG 

SAirpLE NOMBEEJ 

I 

2 

3 


4 

s 

6 

7 

8 

0 

10 

2Z 

Volume (cc.) 

I 

II. 6 

12.8 

14.2 


14.7 

16.0 

I 7 -S 

16.0 

15.1 





2 

3.2 

3.2 

4-7 

g 

8.3 

8.0 

9.1 

9-7 

9.8 

8.9 

7-9 

9-3 


3 

3-7 

4-5 

5.6 

0 

8.0 

6.1 

6.5 

6.0 

5-1 

5-5 

3-5 



4 

3-1 

4.8 

S-S 

0 

«/> 

4-7 

4.1 

4.9 

4.0 

4.8 

4,9 

4-3 


Aik. phosphatase 

I 

1.8 

1.8 

1.6 

•Imt 

s 

. 

1.2 

1.4 

1.4 

I.O 

1.4 




concen, (u/ioo 

2 

12.0 

10.8 

8.4 

tn 

0 

6.2 

6.3 

5-5 

5-3 

4.8 

5-4 

5-6 

5.2 

cc.) 

3 

1.4 

0.7 

0.4 

Cu 

0 

0 

0.6 

0 

0.6 

0.6 

0.6 



4 

7,0 

4.8 

4.2 


2.4 

5-0 

3-8 

4.0 

4.2 

4.0 

4.2 


Aik. phosphatase 

I 

52 

58 

57 

0 

44 

56 


40 

S 3 




min, output (u X 

2 

96 

86 

99 

0 

130 

126 


129 

118 

120 

III 

121 

loO 

3 

13 

6 

6 

>-4 

0 

0 

10 

0 

8 

8 

5 



4 

54 

58 

58 


28 

51 

47 

40 

50 

49 

45 



‘ All samples were collected in 40-min. portions. 


dogs j and 2 was drawn within one month after the biliary obstruction while that to 
the recipient dogs j and 4 was drawn after 70 days. This might suggest that the 
‘activator’ did not appear in the donor’s serum until two months after the obstruc- 
tion had been established. 


SUMMARY 

The increase in serum alkaline phosphatase caused by transfusion of serum from 
a dog with common bile duct obstruction to a normal dog does not result in an eleva- 
tion of the output of alkaline phosphatase in the bile or pancreatic juice of the recip- 
ient. This finding indicates that the serum alkaline phosphatase is not excreted by 
the liver or pancreas and that the phosphatase wliich appears in tlie bile and pan- 
creatic juice is formed by the secretoiy' cells of these organs. 
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BRADYKININ, A HYPOTENSWE AKD SMOOTH MUSCLE 
STIMULATING FACTOR RELEASED FROM PLASMA 
GLOBULIN BY SNAKE VENOMS AND BY TRYPSIN 

M. ROCHA E SILVA, WILSON T. BERALDO' and G. R0SENFELD= 

From the Deparlmeni of Biochcmislry and Pharmacodynamics, Instilulo Biologico 

SAG PAULO, BRAZIL 

I N THE course of experiments on the physiological action of the venom of Both- 
rops jararaca, we found that some blood samples taken from a dog after the in- 
jection of minute doses of the venom had a stimulating effect upon the isolated 
gut of the guinea pig. This was not due to direct action of the venom since the gut 
had been previously made refractory to it; no desensitization could be observed after 
several additions of the serum to the perfusing bath containing the piece of guinea 
pig ileum. The stimulating principle disappeared from the blood very quickly after 
injection and could not be detected in samples taken a few minutes later. 

Addition of the venom to defibrinated blood of a normal dog led to the release of a potent 
stimulating agent very similar to that detected in the blood after injection in vivo. That this sub- 
stance could not be identified with any of the known pharmacologically active constituents of nor- 
mal blood was made clear by preliminary tests and by experiments presented below. Among the 
well defined prindples that have been described in the blood are: a) histamine, which is practically 
absent from dog plasma or serum (r); b) thrombocytin (z, 3) and/or SMC (4), two possibly identical 
principles extracted from platelets; c) kallikrein, a non-dialysable, heat labile, protein-like material, 
identified in normal plasma by Kraut, Frey and Werle (5, 6); d) the so-called 'frilh-Gift' (7) that 
appears in an active form after the clotting of the blood and was identified by Zipf (8) as adenylic 
acid; c) acetylcholine, the presence of which in blood serum has been a matter of controversy (9-11). 

The principle released in our experiments is dialysable through cellophane paper, is rapidly 
destroyed by the venom itself and by tiypsin, and is not antagonized by antiliislaminics and atro- 
pine. It could, therefore, be immediately distinguished from kallikrein, histamine, chohne or acetyl- 
choline. Since the principle appeared to be derived from plasma or serum, we v.-erc able immedi- 
ately to rule out the possibility of its identity with thrombocytin or the SMC. Moreover, it was 
shown by Zucker (4) that SMC is resistant to digestion by tiypsin, and we have found thrombocj’- 
tin resistant to destruction by the venom of the B. jararaca. 

The new factor, however, has certain analogies with the prindple described by Fcldberg and 
Kellawav (12, 13) under the name of slowly reacting substance (SRS). The latter was considered by 
Trethewic (14) to be released from rabbit spleen by snake venoms and ti^qrsin. Although there is 
no indication that the nerv principle is identical with this slowly reacting substance, the contraction 
produced bj- it is of a slow t\pe, starting after a short latent interval. We have, thus, given it the 
name bradykiitin, indicating a principle which produces a slow movement of the gut. The globulin 
fraction (precipitated by a 30 to 45 per cent saturated solution of ammonium sulphate) from which 
bradykinin, is released has been named bradykinhwgcn. 

iI.ATERLAL .AND METHODS 

Defibrinated or oxalatcd ox blood was used in all large-scale e.xperiments. In prcliminar>' 
assays, we used dog blood and occasional!3' the blood of guinea pigs, rabbits and cats. Since red 
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and white cells and platelets were found to contain little or none of the brndykinin precursor, they 
were discarded. Guinea pig and rabbit scnims were used less often .since they usually arc strongly 
contaminated wiUi histamine. 

Preparation of Crude Bradyldnin. Ox serum or oxalatcd plasma tvas treated 
with an equal volume of saturated ammonium sulphate at room temperature and 
left for a few hours. The precipitate, collected by centrifugation, was redissolved 
in two thirds of the original volume of distilled water and dialysed for 3 or 4 days 
against running tap water. The dialysed globulin solution (bradykininogen) was 
then neutralized. Aliquots of 200 cc. of the globulin solution were mixed v;ith 30 
cc. of a 0.1 per cent solution of the venom and incubated for i to 3 minutes at 37°C. 
The mixtures were then poured into two volumes of boiling ethyl alcohol, left for 
5 minutes in a boiling water bath, and filtered. The filtrate was concentrated in 
vacuo and dried after washing with anhydrous ethyl ether and acetone. From each 
liter of the globulin solution, about 450 mg. of the buJTy powder (crude bradykinin) 
was obtained. The activity of this powder is such that it usually produces a moder- 
ate contraction of the gut when o.i mg. is added to the bath. In terms of potency, 
the activity of the released material is almost completely recovered as ‘crude brady- 
kinin’. 

A good stock of the venom of the Bolhrops jararaca was used in a o.i per cent 
solution in distilled water for the large-scale preparation. Solutions of the venom 
for trial experiments were made in saline. 

The venoms of Naia naia and Denisonta superba were kindly supplied by Hr. C. H. Kellaway, 
of the Wellcome Research Foundation, London. The venoms of Bolhrops alrox and Crolalus 1 . 
ierrificus were supplied by the Butantan Institute, Sao Paulo. The crj'stalline tr>’psin, contain- 
ing about so per cent magnesium sulphate, was the commercial preparation of the Worthington 
Biochemical Laboratory, Freehold, New Jersey. The renin preparation and the angiotonin (hy- 
pertenan) were three-year-old preparations kindly supplied by Dr. I. H. Page, of Cleveland, Ohio. 
The renin, as tested, was in excellent condition and still fairly soluble. The angiotonin preparation 
was somewhat resinified with a brown, gummy appearance, but still strongly active upon the 
isolated gut and the blood pressure of the cat and the rabbit. 

The determinations on the isolated gut were made in a Dale’s apparatus, in the 
usual way, using a chamber of 7 cc. capacity. 

RESULTS 

Release of Bradykinin from Normal Blood by Snake V enoms and Trypsin. When 
the venoms of most species of snakes are put into contact with the uterus or the gut 
of the guinea pig, they cause a sharp increase of tonus that lasts for a long interval 
of time, even after repeated washings with new Tyrode solution. After relaxation, 
a second addition of the same dose of venom is either inefiective or produces a lesser 
effect, followed by a refractory state (desensitization) to any further addition of the 
venom. This effect, described by several workers (12, 13, 15, 16), was also described 
for trypsin (17) by one of us. If the guinea pig gut is made refractory to the action 
of snake venoms and tr3rpsin, it can be used as a suitable test organ for the release 
of pharmacologically active substances from biological structures. On the other 
hand, the plasma of certain species (dog, ox and cat) is very poor in histamine and 
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therefore large doses of the plasma can be added to the perfusing bath without elicit- 
ing any response. \^^ien defibrinated blood or serum is added to the batli, we can 
occasionally detect the presence of minute amounts of an unidentified principle. The 
presence of this principle in normal serum is, however, erratic, as pointed out by 
Reid (2, 3) and confirmed in our experiments. When, however, a few micrograms 
of the venom of the Boihrops jararaca is added to a few cc. of blood or serum, a 
powerful contraction occurs after a short incubation of the serum with the venom. 
The maximum effect can be obsen^’ed when the incubation is restricted to i to 3 
minutes. If incubation is prolonged for 20 or 30 minutes, the active principle 
(bradykinin) disappears; this indicates that it has been destroyed by the further 
action of the venom (fig, i). Crystalline trypsin has the same activity (fig. 2), al- 
though doses at least 5 times as great are necessary to produce an effect of similar 
magnitude. We can follow the generation of this substance by simply adding suc- 
cessively to the bath containing the gut 0.2 cc. of defibrinated blood or serum and 
o.i mg. of the venom of the B. jararaca. After a latency of 25 to 30 seconds the 
contraction of the gut sets in and proceeds at an increasing rate during the first i 
or 2 minutes (fig. 3). 

We have been able to exclude entirely the blood elements as precursors of this 
stimulating principle. First of all, oxalated or heparinized plasma shows the same 
effect as whole blood, but even in a more striking manner. If the cells, after remov’-al 
of the plasma, are resuspended in saline they show a much lesser effect than whole 
blood or cell-free plasma. Secondly, we could localize in a definite fraction of the 
plasma or serum proteins the precursor (bradykininogen) of this active principle. 
The total potency of the blood appeared to be concentrated in tlie globulin fraction, 
precipitated by a 30 to 45 per cent saturated solution of ammonium sulphate. As 
shown in table i, the supernatants, after precipitation of plasma proteins with in- 
creasing concentrations of ammonium sulphate, shov/ed less and less effect. When 
the concentration reached the 45 per cent level, no activity was found in the super- 
natant, w^hile the full activity could be recovered from the redissolved and dialysed 
precipitate. 

The first attempts to isolate bradykinin were very laborious due to the fact that 
the same agent that released it, after incubation for a few minutes, destroyed it if 
incubation w'as prolonged for a few minutes more minutes). Both activities, 

that of release and that of destruction, appeared to be enzymatic, since they depended 
upon temperature and the actual concentration of the agent used. Release and 
destruction of bradykinin could be studied quantitatively (fig. 4). If 0,1 mg. of 
the venom of the B. jararaca was added to each cc. of blood or serum, the peak was 
obser\fed after 3 minutes incubation, at 37°. If 0.3 mg. Avas added, the peak was 
somewhat earlier and destruction was complete after 10 minutes incubation. After 
complete destruction of the released bradykinin, further addition of the venom had 
no effect, the precursor being apparently exhausted. If, however, a small dose of 
the venom is added, say 20 micrograms, to each cc. of a fresh sample of the globulin 
fraction, a sort of equilibrium is attained in the reacting mixture, and even after 
one hour incubation, a small quantity of bradykinin can be detected in the system. 
If now, a larger dose of the venom is added, the release of considerable quantities 




Fig. I. Guinea pig ileum. After desensitization to loo /ig. of the venom of B.jararaca (B.j.)) 
the gut responds to the mixture of the globulin and venom (Glob. + ven.) incubated for 30" and 
3 min. Further incubation of the mixture for 10 min. destroyed the stimulating principle. H = 
histamine i : 2 million. 

Fig. 2. Guinea pig ileum. Upper tracing: The gut desensitized to venom still reacted with 
trypsin. Lower tracing: after the gut became refractor^’' to o.i cc. tiypsin, it reacted powerfully wath 
a mixture of the globulin + try^psin, incubated for i min. After incubation for 45 min. the stuni^ 
lating principle was completely destroyed; then a new fresh addition of the globulin was added with 
venom and a new contraction set in. T = 2.5 mg. crystalline trypsin/cc. 

Fig. 3. Guinea pig ileum desensitized to the venom of B. jararaca: 0.2 cc. of ox serum was 
added to the batli, followed by addition of different doses of venom. The latency after addition of 
venom is indicated in parentheses. Maximum effect was obtained with 200 fig. of venom. The 
shorter contractions were elicited with 0.2 cc. of histamine, 1:2 million. 

Fig. 4. Guinea pig ileum desensitized to the venom of B.jararaca. A, incubation of ox de- 
fibrinated serum (for i and 4 min.) wath i/io of its volume with a solution of 0.1% of venom releases 
activity, although 10 or 30 min. incubation entirely destroyed it; B, a smaller concentration of 
venom (1/50) released less activity, but destruction was also slower; C, a higher concentration of 
venom (1/3) released the marimum activity after i min. incubation, but destruction was rapid. 
After destruction of the principle, a new fresh mixture of serum + venom elicited maximal contrac- 
tion. 
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of the active principle takes place; this shows that the precursor had not been ex- 
hausted by the action of the small dose of the venom. 

If a large enough dose of trypsin is added to a fresh sample of the globulin, 
bradykinin is set free and exhaustion can be observed after a while. The venom of 
Denisonia superba and that of N^aia naia were much less potent than that of the 
BoiJirops jararaca in releasing bradykinin. We could not attain a concentration 
sufficient for exhaustion of the globulin when the latter was tested with the venom 


Table i. Conditions or extkaction of bradykinin, from ox serum or globulin 


Alcohol exlraciion: 

Time of incubation: 


ACTIVITY 


ACTiviry 


% 


% 

of max. 

(I) 5 cc. serum + 0.5 mg. venom, 






incub. 3 min. 

TOO 

(VIII) Mixture I incuba- 




(II) Mixture (I) 2 vol. alcohol ; 5 


ted for: 




min. boil.; filtrate cone, in vacuo 

100 

o' 



10 

(III) Mixture (I) -f i cc. n HCi + 2 


1' 



60 

vol. alcohol; s min. boil.; filtrate 


2' 



80 

cone, in vacuo 

50 

3' 


100 

(IV) Mixture (I) -f icc. o-sn NaOH 


4' 



SO 

•4- 2 vol. alcohol; 5 min. boil.; 


10' 



IS 

filtrate cone, in vacuo 

100 

30' 



0 

' Thermo resistance: 

(IX) Prccipt. with amm. sulphate: 


Acrmry 

Ox scrum + amm. sulpl). 

ACT! MTV 


(% of salur.it. room temp.) 

Ppt. 

Supernt. 

(V) Extract (II) -f- o.2n NaOH 

% 

35 

50 


50 

heated for 10 min. at go° 

IS 

40 

70 


30 

(VI) Extract (II) 0.2N HCI heated 


45 

100 


0 

for 25 min. at 90° 

100 

50 

100 


0 

(VII) Extract ( 11 ) -f 5 cc. concentr. 

0 





HCI, heated for i hour at go® 







Experiments III and TV show that extraction by alcohol is more efilcicnt from the alkaline mix- 
ture, than from Hie acid one, although destruction of the isolated principle is more rapid in alkali 
(y) than in an acid medium (\T). 


of the B. jararaca or trypsin. Crotoxin, a purified lecithinase of the venom of the 
Crolahts t. icrrificns prepared according to Slotta ct al. (18), did not release bradykinin 
nor did a purified preparation of lysolecithin. Therefore, we are bound to assume 
that the release of bradykinin is unrelated to the hemolytic activity of the venoms 
studied, but probably dependent upon their proteolytic activity. The capacity of 
the different agents studied are roughly parallel to their proteolytic and coagulant 
activity (table 2). 

Biological ylxsay 0/ Bradykinin. Until a pure preparation of bradykinin is 
available, we must use a temporary standard for comparison of activity. Since the 
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sensitivity of the gut to histamine or acetylcholine docs not necessarily run parallel 
with that toward bradykinin, wc abandoned the idea of c.om]ming the strength of 
the unknown solutions of Ijradykinin witli a histamine or acetylcholine standard. 
Moreover, the response of the gut toward these agents is quite dilTercnt from the 
response to bradykinin. Tlie latter is definitely slower in its onset and the increase 
in tonus follows a different course. Therefore, we decided to choose an early homo- 
genized sample of crude bradykinin as a standard. This sample, called Brady I, 
has been used for comparison in all assays of purification referred to in this paper. 
For the purpose of comparing two different samples, the assay upon the guinea pig 


Table 2. Correlatios between coagulating and broteolytic activity or v'enous and 

TIIEIR CARACITY tor LIBERATING BRADYKININ 



TROTr.OLVTIC ActSVJlV 

COACVLATi; 

c Acrivm* 


AOr^'TS; 





LIBEIA-nON or 

Cnscin' 

Globulin’ 

!Do5c/cc. 

Clotting 

time 

BEAOVECnm 


nj. XJ’.Y/m cc. i 

«s. 

see. 

% mas. act. 

B. jararaca | 

13.8 ( I b) 

39.6 (24 h) 

0.S9 (l b) I 

0.89 (i h) 1 

> I 

3(> 

100 , 

Trypsin ^ 

37.7 0 b) 

110.8 (24 b) 

0.S3 (i b) 1 

0.83 (1 b) 1 

1 ^ 

91 

30 

B. alrox 

14.7 ( I b) 


1 

45 

30 

Naia itaia 

5-6 (24 b) 

0 (i h) 

1 

no clot 

traces 

Den. superha 

0.0 (24 h) 

0 (1 h) 

1 

ft 

(( 

Croloxin 

0 (lb) 

0 (i h) 

1 

if ' 

0 

LysocUhin 

0 

0 



0 


* 2.5 cc. of a 2% casein solution -F 2 cc. phosphate buffer (pn 7.4) + 0.5 of solution of venom or 
tr3'psin (i to 2 mg./i cc.); 1 or 24 hours incubation at 37° and tlic NPN estimated. 

- 2.5 cc. of a globulin solution (braclykininogen) + 2 cc. phosphate buffer (pn 7.4) -f- 0.5 cc. solu- 
tion of trj'psin or venom (2 ing/i cc.), i hour incubation at 37® and NPN estimated. 

’ Coagulating activntj' was estimated upon citrated ox jilasma: each tube containing 0.2 cc. of 
plasma -F 0.2 cc. of the venom or enzyme solution (concentration indicated). 

* Activity in releasing bradj’kinin is indicated in reference to the potency of the venom of the 
B.jararaca (100%), using ox globulin as precursor. 

ileum has been most useful. The response of the gut is fairly quantitative (fig- s)j 
allowing a satisfactory comparison between the unknown and the standard. 

Quantitative estimations of the bradykinin precursor (bradykininogen) can be 
made by determining the maximal potency released by a fixed amount of the venom 
(e.g., 150 Mg/cc. of serum or globulin solution) after incubation with the precursor 
for increasing intervals of time. It is obvious that this estimation has only compara- 
tive value since we cannot be sure that the whole stock of the active material has 
been released; on the other hand, if the concentration of the venom is increased be- 
yond a certain limit destruction of bradykinin will be very rapid and the maximum 
peak will not be attained. In consequence, we must fix conditions for a routine 
comparison of potency of different batches of the globulin preparation. This pro- 
cedure has been very useful in the large-scale preparations, in which samples of a 
few cc. of the globulin to be used were submitted to a standard dose of the venom, 
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for I min., i min,, 2 and 3 mins, incubation and the time for tiie ma.ximal effect de- 
termined. 

Purified Bradykinin. Although e,\-periments are still proceeding in an attempt 
to further purify bradykinin, we have attained a second step in the procedure of 
purification that can be outlined now. ‘Crude brad^'^kinin’ is redissolved in distilled 
water, filtered through a medium porosity sintered glass funnel, and 10 volumes of 
absolute ethyl alcohol are added with stirring. A flocculent precipitate is formed 
and removed without any loss of potency. The precipitate contains some inert 
organic nitrogen and gives a strong reaction with ninhydrin, Bradykinin, however, 
is fairly soluble in 80 to 90 per cent ethyl alcohol. The filtrate is dried in vacuo, 
and care is taken to avoid bubbling of air through it. A convenient way to do this 
is to use a separatory funnel connected with a Kitasato fiask to which a strong 
vacuum pump is connected. The solution contained in the separatory funnel is 
allowed to fall dropwise to the bottom of the flask; this permits very quick drjdng in 
a moderately heated water bath. The material obtained in this way is about 8 to 
12 times as active as the original ‘crude bradykinin’ and will be referred to in this 
paper as purified bradykinin (fig. 6). A highly potent material can be obtained, 
although in small yield, if the purified bradykinin is redissolved in 85 per cent ethyl 
alcohol and more absolute alcohol added until a faint precipitate is formed. The 
mixture left in the ice-box overnight shows a flocculent snow-white precipitate that 
may be 30 to 50 times as active as the crude preparation. This preparation has 
been obtained only in very small amounts. 

Some Physical and Chemical Char acleri sties of Bradykinin, The active principle 
is very stable to heat, and resists prolonged boiling in distilled water or dilute HC! 
(boiling for i hour in a o.i to i.on HCl solution did not significantly decrease its 
potency). Boiling with a few cc. of concentrated HCl, as used in the method of 
Barsoum and Gaddum, as modified by Code (19), destroys its activity. Boiling for 
a few minutes in a o.in NaOH solution is enough to destroy bradykinin. It is a 
dial3^sable substance, insoluble in ether and anhydrous acetone. When absolute' 
etliyl alcohol is used for the extraction of bradykinin, a large quantity of the active 
material is left behind. As the preparation becomes more purified it does not resist 
the manipulations to which we can submit the crude material. Especially, bubbling 
of air through the capillary becomes a ver>^ serious cause of loss of potenc3^ This 
loss of potenc3’’ b3’' bubbling of air was found to be more important after precipitation 
of the inert material with 80 to 90 per cent ethyl alcohol, thus suggesting that, through 
this procedure, a stabilizer is removed. 

All brad3^kinin preparations obtained up to now give a strong ninhydrin reaction 
and contain considerable organic nitrogen. Since tr3'psin liberates and destroys 
brad3'kinin, it is probable that release of brad3'kinin is the consequence of the rupture 
of a peptide linkage and that brad3'kinin itself is a pol3'peptide or, at least, contains 
a peptide linkage, the integrit3^ of which is indispensable to its pharmacological be- 
havior. 

Pharmacology of Bradykinin. Brad3'kinin has been found to stimulate all 
smooth muscle structures so far assa3'ed: the intestine and uterus of the guinea pig, 
the uterus and intestine of the rat, and the intestine of the rabbit. In our experi- 
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ments, the guinea pig ileum was tlie most sensitive, while the intestine of the rat 
was least so. The purified preparations of bradykinin (P. B.) elicited a strong re- 
sponse of the guinea pig gut, when added to the perfusing bath in doses as low as 
2 to 10 micrograms; this corresponds to concentrations in the bath of 1:3 to i:i 
million, approximately. Since there arc no indications that we arc dcaUng with 
highly purified preparations, it appears probable that bradykinin is a very' potent 



Fig. 5- Guinea pig ileum. Successive additions of increasing doses of a solution of brady- 
kinin (B) produce graded responses that can be used for the bio-assay of bradykinin. The quick 
responses are due to histamine (0.2 cc. of a 1:2 million solution). 

Fig. 6. Rabbit out. Effect of two different preparations of bradykinin. Brady / is a crude 
preparation, while P.B. is a purified bradykinin, about lo times more active than Brady /. H = 
histamine hydrochloride. 

Fig. 7. Carotid blood pressure in the rabbit. Comparison between crude bradykinin 
{Brady I) and a purified preparation {P.B.) about 10 times as active as Brady I. Same preparations 
used in experiments of fig. 6. At x the drum was stopped for 2 min. 

pharmacological agent. When 10 or more mg. of the crude bradykinin (Brady I) is 
injected into the veins of rabbits and cats a sharp fall in arterial blood pressure fol- 
lows. ‘Purified bradykinin’, when injected in a dose of 5 to 10 mg., produces a 
shock-like condition, with a steady fall in arterial blood pressure, follotved by a very 
slow return to the initial level (fig. 7). 
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That the same principle (bradykinin) is involved in the effects upon both the 
smooth muscle and the arterial blood pressure is indicated by the fact that the same 
relationship of potency (i/io) was observed when crude (Brady I) and purified 
bradykinin (P. B.) were assayed for both actions (figs. 6 and 7). 

A few quantitative considerations might help to evaluate the possibility of a 
release of bradykinin to explain the fall in blood pressure, when the venom or tr^-psin 
is injected intravenously. Ten to twenty micrograms of the purified preparation 
elicit responses in the guinea pig gut that are comparable to those elicited by o.i 
to 0,2 cc. of serum or plasma treated with an optimum amount of the venom. There- 
fore, 100 to 200 cc. of blood when incubated with the venom for a half minute to 3 
minutes would release 10 to 20 mg. of ‘purified bradykinin’. Since this amount is 
sufficient to produce a profound shock when injected intravenously, it becomes quite 
evident that there is enough available material in the circulating blood to account 


Fig. 8. Carotid blood pres- 
sure IN THE rabbit. The same ox 
globulin preparation was treated with 
renin and with the venom of B. 
jararaca. The dried alcohol extracts 
were tested upon the rabbit, Hy — 
renin-treated preparation; B = the 
same substrate with venom. 



for most of the hypotensive effect produced by the venom or by trypsin, when given 
to a normal animal. 

Release of Bradykinin hy Renin. It has been reported (20) that hypertensin 
(or angiotonin) contracts almost all smooth muscle structures, producing an effect 
that is strikingly similar to those described above. It has also been shown that renin 
when put into contact with the pseudo-globulin fraction of normal plasma or serum 
(h)T>ertensinogen) releases a smooth muscle stimulating agent that has never been 
chemically separated from hypertensin (21). The following experiments suggest 
the possibility that this smooth muscle stimulating agent released by renin can be 
distinguished from hypertensin, and is probably identical with bradykinin. 

We could confirm the facts described by previous workers that renin when in- 
cubated for 3 to 10 minutes with the globulin fraction releases a factor that contracts 
the guinea pig ileum. If incubation is prolonged for 60 to 90 minutes, the stimulat- 
ing factor released bj”- renin is entirely destroyed. If now, the same globulin prepara- 
tion is treated with the venom, no further release takes place, showing that the 
bradykinin precursor has been exhausted. Conversely, if the globulin fraction is 
treated with an appropriate dose of the venom or Uyiisin, until it is exhausted of its 
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supply of brndykinin, it no longer releases any smooth muscle stimulating principle, 
if put into contact with renin. 

Differentiation of bradykinin from hypertensin is very easy, since the material 
obtained from scrum globulin by contact with the venom or trypsin has an effect 
upon the blood pressure of the cat or the rabbit opposite to that obtained by contact 
of the same material with renin. On no occasion could we observe any lij'pcrtensive 
effect of preparations obtained by treating bradykininogen (or hypertensinogen) 
with the venom of the ZJ. jaroraca or trypsin. These facts arc clearly shown in 
figure 8. 

Since renin appears to release bradykinin from the pseudo-globulin fraction of 
the blood, it seems logical to open the question of the identity of hj'pertcnsin and 
the smooth muscle stimulating principle generated by renin when incubated with 
the globulin preparation. The presumption that a hypotensive, myotropic agent 
as bradykinin is a common contaminant of the hypertensin preparations available 
would be analogous to the ease of the oxy^tocic and pressor principles of the posterior 
hypophysis. These also have a polypeptide nature and arc e.xtremcly difficult to 
separate by the usual chemical procedures, although by using more refined methods, 
evidence has been obtained that they' constitute two separate principles (22). 

DISCUSSION 

Very minute doses of the venom of the B. jararaca (o.i mg/kg.) render the 
blood incoagulable, when injected intravenously in a dog. After recovery' from the 
mild shock so produced, tlic injection of a larger dose of the venom (0,5 mgAg*) 
causes the animal to develop a severe shock tliat may' lead to death. A quite similar 
situation is found in the so-called trypsin shock. After the injection of a small dose 
of crystalline trypsin, the blood becomes incoagulable; if however the dose is again 
injected, the animal develops a shock-like condition that is irreversible in many 
instances. The injection of a suitable dose of heparin previous to the injection of 
trypsin does not prevent death, but may even aggravate the development of the 
shock. Therefore, intravascular coagulation cannot explain death, but could be 
responsible for only a minor part of the sy'mptoms produced by these agents. Libera- 
tion of histamine, previously thought to constitute an important factor in the produc- 
tion of trypsin shock, can only partially explain its mechanism. The amounts of 
histamine appearing in the circulating blood are small and by no means enough to 
explain the severity of the shock. After injection of the venom of B. jararaca we 
have frequently found a drop in blood histamine. There is no question that his- 
tamine is released from certain organs, by perfusion with trypsin (23) or the venom 
of the B. jararaca, but the amounts liberated are not of such magnitude as to pro- 
duce a significant increase in the circulating blood. Moreover, it was shown by 
Wells el al. (24) that benadryl does not prevent trypsin shock in the dog. Although 
antihistamine substances are rather poor in preventing hypotension due to histamine 
itself, a significant drop in mortality of dogs treated with benadryl -f trypsin should 
be expected, if the toxicity of the enzyme depended mainly on a liberation of his- 
tamine. All these facts would encourage one in looking for a new agent released 
from blood or tissues in poisoning by trypsin and certain snake venoms. 



Vchruary ig4Q 


BRADYKININ 


271 


The presence of a powerful hypotensive and smooth muscle stimulating agent 
in the pseudo-globulin fraction of normal plasma or serum offers a new possibilit}^ 
for explaining the etiology of many s>miptoms occurring in the shock states produced 
by venoms and trypsin. This agent (bradykinin) is present in an inactive form 
(bradykininogen) and can be released by many agents besides the venom of the 7 J. 
jararaca. Trypsin releases it and there is a certain correlation between the proteo- 
lytic and coagulating activity of snake venoms and their capacity for liberating 
bradykinin. The venoms of Naia naia and Denisonia superba that show slight pro- 
teolytic activity release very small amounts of bradykinin. 

Experiments indicate that part of the bradykinin is released when blood clots, 
since there occurs a definite decrease in the brad3’’kininogen potency when measured 
before and after the coagulation of the blood. This appears to indicate activation 
of the proteolytic system of the blood during the process of coagulation, as suggested 
by Ferguson (25). In connection with these findings it appeared important to study 
the behavior of platelets when disintegrated in contact with the globulin fraction. 
In some experiments, it appeared quite clear that platelets contain a factor that is 
able to release bradykinin from the globulin fraction. The experiments were com- 
plicated by the fact that platelets themselves contain another factor (SMC or throm- 
bocytin) that contracts smooth muscle and produces a fall in arterial blood pressure. 
This factor could be definitely distinguished from bradykinin, since as shown by 
Zucker (4) it is resistant to boiling for one hour with i.on NaOH, a concentration 
of alkali that completely destroys bradykinin in a few minutes. Moreover, brady- 
kinin is rapidly destroyed by incubation with trypsin or tlie venom of the B. jararaca 
whereas SMC or thrombocytin is entirely insensitive to these treatments. 

There are man}’’ other questions that should be re-studied on the basis of the 
present findings. In some preliminary experiments, we ha\'e shown tliat the fibrino- 
lytic enzj’me activated by treating the serum with chloroform releases a gut-stimulat- 
ing principle when incubated with the brad3’'kininogen. Since activation of fibrino- 
lysin occurs in many conditions of shock (26, 27), it is possible that release 
of bradykinin might explain mucli about shock of vaiyn’ng etiolog}^ Furthermore, 
the origin and nature of the so-called anaphylatoxin of Friedberger and Bordet (28) 
has been an open question. Experiments b)"^ Dale and Kellaway (29) have shown 
that a smooth-muscle-stimulating principle is generated in normal guinea pig serum, 
by contact with starch or bacterial suspensions. At the same time, activation of 
proteolytic and fibrinolytic activitj’^ was shown in similar conditions (30). Activa- 
tion of the proteolytic and fibrinolytic power of the blood during anaplndactic shock 
has been demonstrated (26) and, recentl}', Ungar (31) has also shown activation of 
a fibrinolj'-tic enzjmie when organs of a guinea pig are put into contact with peptone 
and the antigen. All these findings point to a ‘prolcoh'tic crisis’ occurring in these 
kinds of shock and it is quite conceivable that release of bradj’kinin constitutes 
an aggravating factor in mam' conditions. 

The pseudo-globulin fraction (precipitated b\' 30 to 45% saturation with 
ammonium sulphate) of nonnal plasma contains the precursor (bradykininogen) of 
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a hypotensive and smooth muscle stimulating factor (bradykinin) that can be re- 
leased by proteolytic and coagulating venoms of the Bolhrops genus and by trjpsin. 
If an appropriate dose of the enayme or the venom is used, the maximum release is 
obscrv'cd after i to 3 minutes incubation, at 37°. If incubation of the globulin with 
the venom of B. jararaca or trypsin is prolonged for 10 to 20 minutes the released 
factor is destroyed; this suggests that it has a polypeptide nature or at least a peptide 
linkage, the integrity of which is necessary for its pharmacological activity. 

Bradykinin is thermostable, dialysable through cellophane, resistant to pro- 
longed boiling in o.i to i.on HCl solution, but rapidly destroyed if heated in an alka- 
line solution. 

The guinea pig gut is the most sensitive smooth muscle organ assayed and the 
rat intestine the least so. Doses of bradykinin equivalent to those released from 100 
to 200 cc. of plasma produce a steady fall in arterial blood pressure of the cat, the 
rabbit and the dog. The possibility that bradykinin is a mediator in several kinds 
of shock is discussed. 

We arc indebted to Dr. Sylvia 0 . Andr.adc for the estimation of Uie proteolytic and coagulating 
activity of the venoms used. .Ml C-Tperiments were done with the technical assistance of Jtr. jayme 
Ferraz. The venom of the B. jararaca used was the stock venom for preparing immune-serums, at 
the Butantan InsU'tutc, 
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EFFECT OF HYTOPHYSECTOMY ON NEUROMUSCULAR 

FUNCTION 

CLARA TORDA and HAROLD G. WOLFF 

From Ihc New York Hospital and ike Deparimenis of Medicine ^Neurology) and Psychiatry, 

Cornell University Medical College 

NEW YORK erry 

A fter hypophysectomy the magnitude of contraction of striated muscle 
during repetitive direct stimulation (1-3) decreases only to a moderate 
degree, whereas the spontaneous activity (2, 4, 5) is nearly abolished. 
The decrease of activity of striated muscle as well as the greater decrease of spon- 
taneous activity suggest that both nerve and muscle are affected by the hormones of 
the pituitary gland. 

The purpose of this investigation was to ascertain whether the function of nerve- 
muscle preparations of h3rpophysectomized animals is impaired and, if so, whether 
this dysfunction is due to a failure of the muscle or of both the muscle and the nerve. 

METHOD 

Hypophysectomy was performed on two strains of rats: on one strain by the 
Hormone Assay Laboratory, Incorporated, Chicago, and on the other by the authors. 
The latter strain was bred by the Department of Anatomy, Cornell University 
Medical College, New York. The hypophysectomy was performed either on litter 
mates or on rats from successive litters. The 33 hypophysectomized rats used were 
of the following sex and age: males: 5, one month old; 4, three months old; 4, six 
months old and 4 one year old; females 2, one month old; 4, three months old, 5, 
six months old and 5, one year old. The completeness of removal of the pituitary 
gland was established by autopsy. Rats from the strain of the Department of 
Anatomy, Cornell University Medical College, New York, served as controls and 
were either fasted for three days or were operated by a techmc similar to tliat used on 
the experimental animals, except that the pituitary gland was not removed. 

Indirect Sihmdaiion. Electromyograms were taken during stimulation of the 
sciatic nerve by the following method: the spinal cord of the rats was destroyed up to 
the midthoracic region. The two legs were used as separate preparations. One leg 
was firmly fixed at the knee and ankle joints to an animal board. One recording 
needle electrode was placed into the upper half of the gastrocnemius muscle; the 
other, into the tendon of the gastrocnemius muscle. Stimulating needle electrodes 
were placed either near or directly on the sciatic nerve. The nerve was stimulated 
for periods ranging from a few seconds to three minutes with a stimulus having a 
repetition rate of from 3 to 30 pulses/second and of ‘supramaximal’ intensity. Stim- 
ulation at various frequencies was repeated a number of times for each preparation. 
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The sweep circuit of the oscilloscope was synchronized with the stimulator so 
that successive stimuli and muscle action potentials were superimposed on the screen 
of the cathode ray tube. Either single or superimposed action potentials were 
photographically recorded froni the screen of the cathode ray tube. 

The area of the action potentials was measured with a planimeter; the amplitude, 
with a ruler. The values obtained at the beginning of a series of stimuli served as 
loo per cent. The values obtained from the action potentials, taken either during 
or at the end of a prolonged stimulation, were expressed as a percentage of tlie values 
obtained at the beginning of each series of stimuli. All values deviating from loo 
per cent by more than twice the square root of the sum of the squares of the standard 
error of mean of the controls and the standard error of mean of the experiments were 
considered as significant effects (2-\/s.E.2(controls)dbS.E.-(expts.)). 

Direcl Stinmlaiion. One gastrocnemius muscle of lo hypophysectomized rats 
was stimulated directlj’’ and indirectly. Stimulating needle electrodes were placed 
on both the sciatic neiA^e and the upper half of the gastrocnemius muscle. The 
muscle was stimulated with a stimulus having a repetition rate of 5 pulses/sec, and 
of 'supramaximal' intensity. This direct stimulation was delivered before and 
immediately after the interruption of the indirect stimulation with ii pulses/sec. for 
30 seconds. The muscle contraction was recorded b}' a kymograph through an 
isotonic lever attached to the end of the tendon of the gastrocnemius muscle. 

Blood Circulation, Upon conclusion of the experiments, Berlin Blue was in- 
jected into the abdominal aorta of the rats to ascertain whether or not the blood 
supply of the gastrocnemius muscle remained adequate during the experiments. 
Each leg was uniformly discolored within a few seconds suggesting that the blood 
supply was adequate. 


RESULTS 

Indirect Stimulation, The first stimulus applied to the sciatic ner\’-e was followed 
by the largest muscle action potential. In the control animals (table i, fig. i A~D), 
the amplitude and the area of tlie action potential were unaltered at the end of 30 
seconds stimulation with a stimulus of 3 and 5 pulses/sccond; the area and amplitude 
of the action potential had decreased on the average of 10 per cent by the end of 30 
seconds stimulation with a stimulus of ir pulses/second and on the average by 25 
per cent by the end of 30 seconds stimulation witli 30 pulses/second. 

In the hypophysectomized rats (table i, fig. 2 A~D), the amplitude and area of the 
action potential had decreased on the average b}’’ 17 per cent at the end of 30 seconds 
stimulationwithasUmulusof3 pulses/second; by 28 per cent vdth a stimulus of 5 
pulses/second; by 55 per cent with a stimulus of ii pulses/second, and by 85 per 
cent with a stimulus of 30 pulses/second. Recover^' always occurred but it was 
slower in hypophysectomized rats than in the controls. 

There was no significant difference between llie behavior of the males and 
females, between rats belonging to the various age groups (one month to one year), 
and between rats of the two strains used. The decrease of the action potential during 
indirect stimulation in the hypophysectomized rats as compared to the control rats 
is statistically significant. 
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■ Direct Stimxdalion. Because of the number of previous investigations dealing 
with muscle contraction during repetitive direct stimulation in hypophysectomized 
animals, extensive studies of muscle contraction were not made in this study. It was, 
however, ascertained whether the decrease of muscle contraction at the end of 30 
seconds mdirect stimulation was maintained if adequate stimulation reached the 
muscle through direct stimulation. 

In the control rats (fig. i E) the contraction of the gastrocnemius muscle remained 
rmchanged during repetitive indirect stimulation (ii pulses/sec. for 30 sec.). The 
magnitude of muscle contraction on repetitive direct stimulation before and after 
indirect stimulation was the same. 

In hypophysectomized rats (fig. 2 E) the contraction of the gastrocnemius muscle 
during repetitive indirect stimulation (ii pukes/sec. for 30 sec.) decreased on the 
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average by 50 per cent. (The action potential decreased on the average by 53 per 
cent.) The magnitude of muscle contraction on repetitive direct stimulation before 
and after indirect stimulation was approximately the same. 

DISCXFSSION 

The above experiments show that in hypophysectomized rats the number of 
muscle fibers that contract during repetitive indirect stimulation decreased at a 
time when nearly all muscle fibers were capable of contraction provided impulses 
reached them. The decreased neuromuscular function was due mainly to a dysfunc- 
tion of either the nerve or the myoneural junction since: i) the magnitude of muscle 
contraction on direct stimulation before and after indirect stimulation was about the 
same; 2) the muscle action potential and magnitude of muscle contraction during 
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indirect stimulation decreased about 50 per cent; and 3) the muscle action potential 
on indirect stimulation after repetitive indirect stimulation recovered only gradually. 



Fig. I. Electromyogkams or a control rat (indirect stimulation). A . Stimulation with 3 
pulscs/scc. for 30 sec. 1. Record taken at the beginning of stimulation. 2. Record taken at the 
end of a 30-scc. stimulation period. B. Stimulation with 5 pulses/sec. for 30 sec. i. Record taken 
at the beginning of stimulation. 2. Record taken at Uie end of a 30-sec. stimulation period. 
C. Stimulation with ii pulses/sec. for 3 min. i. Record taken at the beginning of stimulation. 
2. Record taken at s sec. j. Record taken at 15 sec. 4. Record taken at 30 sec. 5. Record taken 
at 60 sec. 6. Record taken at 180 sec. D. Stimulation with 30 pulses/sec. for 30 sec. 1. Record 
taken at the beginmng of stimulation. 2. Record taken at 5 sec. 5. Record taken at 15 sec, 
4. Record taken at 30 sec. E. Kymograph records of a control rat (direct stimulation). /. Stimula- 
tion with s pulses/sec. immediately before indirect stimulation. 2. Same immediately after indirect 
stimulation. 

The neuromuscular fatigue of hj'pophysectomizcd rats is independent of strain, 
age and se,x. Also, it is not due to postoperative shock and weight loss due to anore.xia 
of the rats, since operated control rats and emaciated starved rats did not show the 
decreased neuromuscular function. 
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Prolonged impairment of blood circulation due to hypophysectomy could not be 
prevented but sudden impairment of blood circulation did not enter as a factor in 
neuromuscular dysfunction observed, since the dysfunction occurred to the same 



Fig. 2. ELECTROiiYOGRAMS OF A HYPOPHYSECTOMizED RAT (indirect Stimulation). A. Stimu- 
lation -with 3 pulses/sec. for 30 sec. x. Record taken at the beginning of stimulation. 2. Record 
taken at the end of a 30-sec. stimulation period. B. Stimulation mth 5 pulses/sec. for 30 sec. 
X. Record taken at the beginning of stimulation. 2. Record taken at the end of a 30-sec. stimulation 
period. C. Stimulation with ii pulses/sec. for 3 min. x. Record taken at the beginning of stimu- 
lation. 2. Record taken at 5 sec. 3. Record taken at 15 sec. 4. Record taken at 30 sec. 5. Rec- 
ord taken at 60 sec. 6. Record taken at 180 sec. D. Stimulation wth 30 pulses/sec. for 30 sec. 
X. Record taken at the beginning of stimulaUon. 2. Record taken at 5 sec. 3. Record taken at 
IS sec. 4. Record taken at 30 sec. E. Kymograph records of an hj-pophysectomized rat (direct 
stimulation), x. Stimulation with 5 pulses/sec. immediately before indirect stimulation. 2. Same 
immediately after indirect stimulation. 

degree in fresh preparations and in preparations after a few hours of experimentation. 
Also, injection of Berlin Blue at the end of the experiments showed an adequate blood 
supply. 
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Although the mechanism for the production of the neuromuscular dysfunction 
observed in hj^Dophysectomized animals is not yet identified, it may be suggested that 
an impairment of acetylcholine synthesis occurs after h3^ophysectomy. This view 
is supported by the fact that administration of the adrenocorticotrophic hormone 
of the pituitary gland increases acetylcholine synthesis (6). Furthermore, measures 
that decrease acetylcholine synthesis also decrease neuromuscular function (7) and 
the action potential of nerve (8). 

The present experiments suggest that the pituitary gland is necessary to main- 
tain an optimal neuromuscular fimction by modifying the activity of both the nerve 
and the muscle. 


SUMMARY 

The effect of hypophysectomy on the neuromuscular function of rats was in- 
vestigated. Hypophysectomy caused a decline of the amplitude and area of muscle 
action potential during repetitive indirect stimulation. This decrease occurred with 
relatively low frequency stimulation and was even more evident with increased 
frequency of stimulation. On indirect stimulation the decrease of muscle action 
potential paralleled the decrease of the magnitude of contraction. The magnitude 
of muscle contraction on direct stimulation decreased less than on indirect stimula- 
tion, It is inferred that the neuromuscular fatigue occurring in hypophysectomized 
animals is due to both a moderate dysfunction of the muscle and a marked dysfunc- 
tion of the ner\'-e element (either ner\^e or myoneural junction). 

The authors msh to express tlieir gratitude to Mr. Walter I. Weiss, Sr., of the Brooklyn Poly 
technic Institute for the design and construction of the complete electrical equipment. 
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COLIPARATIVE STUDY OF ANTAGONISTIC DRUGS ON 
NORMAL AND DENERVATED EFFECTORS^ 

M. ALTAMIRANO, E. FERNANDEZ A>ro J. V. LUCO 

From the Dcparlamcnto de Farmacologta y Bioqmmica, Univcrsidad Catdlica de Chile 

SANTIAGO, CHILE 

A DIRECT proportionality has been suggested to exist between the dose of 
acetylcholine necessary to stimulate an effector and the dose of atropine 
required to produce inhibition (1-3). An inverse relationship would apply 
to acetylcholine and curare. It was believed of interest to study this problem on 
effectors with an altered threshold for acetylcholine produced by chronic denervation 
and to compare the results with those obtained on the same normal effectors. Two 
types of effectors were used; one sensitive to muscarine (nictitating membrane, n.m.) 
and the other sensitive to nicotine (sympathetic ganglion, s.g.). 

The experimental results enable us to discuss some aspects of the law of de- 
nervation as formulated by Cannon (4). 

METHODS AND RESULTS 

In all the experiments cats were anesthetized intraperitoneally with i mJ/kg. of a 
25 per cent urethane (Merck) solution, containing 3.3 per cent of sodium pento- 
barbital (Abbott’s Nembutal). Immediately before the experiment and depending 
on whether the s.g. or the n.jju was to be studied, either the preganglionic fibers were 
sectioned or the superior cervical ganglion was extirpated on the normal side. The 
same operation was performed previously (4-13 days) under ether anesthesia on the 
opposite side. All cats had their adrenals removed. 

The n.m. was stimulated with acetylcholine or adrenaline, depending on the drug 
under study. The stimulation of the s.g. was obtained with acetylcholine. In each 
effector the threshold dose and the dose producing a maximum response were de- 
termined. In actual experiments, a dose higher than the threshold dose was used; 
obtaining, therefore, a submaximum response. 

Atropine at a dose of i mg/kg. of body weight, intravenously administered, was 
used in studying the s.g., in order to block the direct response of the n. 7 n. to acetyl- 
choline. 

The drugs used were atropine (Mallinchkrodt), prostigmine (Roche), acetyl- 
choline (Roche), ergotamine (Sandoz), dehydroergotamine (Sandoz), adrenaline 
(Clin), intocostrin (Squibb), raw curare from Brazil, tetraethylammonium bromide 
(Sanitas) and / 3 -erythroidine obtained from Professor Hug (Rosario, Argentina). 

A. Nictitaling Me^nhrane. Atropine. In these experiments the n.m. was 
stimulated by simultaneous injections of acetylcholine in both carotids. Atropine 
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Fig. I. ErFECT OF ATROPINE ON THE NICTITATING MEMBRANE. Above: tt.vt. With a 6-day-old 
denervation. Belova: n.ni, control. Marks in upper line: i /ig. of atropine in both sides. Marks on 
middle line: acetylcholine 0.5 pg. in denenMted side and 5 {ig. in control. Marks on lower line: time 
in min. Between a and b: 8 min.; between b and c: 7 min.; between c and d: 45 min. 

Fig. 2. Effect OF PROSTiGJnNE on TnE nictitating membrane. Above: n.m. ivith a 4-day-oId 
denervation. Bdeno: n.m. control. Mark on upper line; 2 pg. of prostigmine in both sides. Marks 
on middle line: acetylcholine, 0.31 pg. in denervated side and 2.5 pg. in control. Lower maria: time 
in min. Between a and b: 4 min. 

Fig. 3. Effect of curare on the nichtating membe.\ne. Above: n.m. witli a 4-day-old 
dcncr%'alion. Below: n.m. control. Mark on upper line: curare. Marks on middle line: acetyl- 
choline, i.espg. in dcner\’atcd side and 5 pg. in control. Marks on lower line: time in min. Between 
a and b: 4 min. ; between h and c: 3 min.; between c and d: 5 min. 

Fig. 4. Effect of Ergotamine on the nictitating membrane. A have: n.m. with an S-day-old 
denervation. Below: n.m. control. Marks on upper line: i pg. and 50 pg. of ergotaminc respectively 
in each side. Marks on middle line; adrenaline, 0.05 pg. in denervated side and 0.25 in control. 
M.irks on lower line: time in min. Between a and h: 10 min. 

Fig. 5. Effect of atropine o.v the supe-RIOR cervical ganglion. .Move: n.m. control. 
BdiKv: n.m. with a 13-day-oId section of preganglionic fibers. Marks on middle line; acetylcholine, 
bo pg. in control side and 40 pg. in denervated side, ilarks on lower line: lime in min. Between 
a .and b: 3 min.; between h andc: 13 min. Two mg. of atropine were injected in cacli side immediately 
after c. 


was similarly injected in a dose of i pg. As can. be seen from figure r, tlie blocking by 
atropine of the acetylcholine response disappeared first in the chronically deneiwated 
as compared to tlie normal. An earlier recoverv* was also obsenx-d in the 
denervated side. Identical results were obtained after a second injection of atropine. 
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Prostigjiine. Tlie n.in. was also stimulated by acetylcholine in these experi- 
ments. Prostigmine was injected in the carotid artery of each side at a dose of 
I to 2 /ig. The contraction produced by prostigmine was greater on the chronically 
denervated side, in agreement with the results of Rosenblueth (5), On the contrary, 
the potentiation to acetylcholine was lower on the denervated side (fig. 2). 

CuRARiziNG DRUGS. The 11.1)1. was stimulated with acetylcholine. The drugs 
used were intocostrin, raw curare and /S-erythroidine, injected in both carotids at 
the same dose and contained in equal volumes. Intocostrin produced contraction in 
some experiments, the contraction being more pronounced on the denervated side. 


• 1 . 



Fig. 6 (/e//). ErrEcx or prostigmine on the superior cervicai, ganglion. Above: n.m. 
control. Below: n.m. with a 7-day-old section of preganglionic fibers. Marks on upper line: i fig- of 
prostigmine in both sides. Marks on middle line: acetylcholine, 80 fig- in control side and 40 fig. in 
denervated side. Marks on lower line: time in rain. 

Fig. 7 {right). Efpect of tetraethylammoniom bromide on the superior cervical gan- 
glion. Above: n.m. normal. Bdow: n.m. with 6-day-old section of preganglionic fibers. Mark on 
upper line: 100 fig. of tetraethylammonium bromide in both sides. Marks on middle line: acetjd- 
choline, 80 fig. in control side and 20 fig. in denervated side, Marks on lower line: time in min. 

Raw curare produced in some cases a decrease in the initial tension. This decrease 
was of a greater intensity on the chronically denervated side. The depression of the 
response to acetylcholine, caused by the curarizing substances, was similar to the 
results obtained for atropine, i.e. of a lower intensity for the denervated membrane 

(fig- 3 )- 

Ergoxaminte and DEHYDROERGOTAMiNE. Adrenaline ivas used to stimulate the 
effectors in these experiments. The effect of ergotamine and dehydroergotamine on 
the response to adrenaline could not be studied because of the prolonged contraction 
produced by these drugs, which was of a similar character to that described for 
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ergotoxine by Rosenbliieth (5). The contraction was always more intense in the 
normal ii.m. (fig. 4). It is of interest to point out that adrenaline produced a lasting 
increase on the increased tension brought about by ergotamine or dehydroergotamine, 
i.e., it acted as a potentiator of the effect on contraction of the above-mentioned 
drugs. Tins effect was also greater in the normal side (fig. 4). 

B. Sympathetic Ganglion. Atropine. Our experiments have shown tliat the 
blocking produced by atropine is of a lower intensity and shorter duration on the 
denervated 5 ,g. as compared to the normal, a similar behavior to that shovm by the 
n.in. (fig. 5). 

PROSTiGiUNE, The potentiation of the response to acetylcholine produced by 
this drug was greater on the normal side (fig. 6), 

CuRARiziNG DRUGS. The administration of curare, jS-eiydhroidine and tetra- 
ethylammonium bromide produced a blocking of the response of the s.g. to acetyl- 
choline. This blocking was of a lower intensity and shorter duration in the de- 
nervated side than in the normal (fig. 7). 

DISCUSSION 

Our results may be considered from two different points of view: a) their relation 
to the law of denervation and b) the possible quantitative relations of depressing and 
potentiating drugs to acetylcholine. 

It is clear that the law of denervation does not apply to all the drugs that have 
an effect on the n.m. and the s.g. The depressing effect of atropine and curare and 
the potentiation produced by prostigmine are of a greater intensit)'' and longer dura- 
tion on the normal side than on the chronically denervated side. Furthermore, 
Rosenblueth (5) obser\'’ed that the sensitization to cocaine is greater in the normal 
n.m. than in the denervated n.m. These results differ from those e.xpected according 
to the law of deners^ation. It would be necessary to change Cannon’s wording of the 
law to the effect that denervation modifies the e.\'citability of effectors, either in- 
creasing or decreasing it, to certain chemical agents. It is interesting to observe that 
the dnigs tliat produce a response of the n.m. or the s.g. similar to the normal (ad- 
renaline, acetylcholine, prostigmine in their effect on contraction) have in general an 
effect of greater intensit}’’ on the chronicall}'' denercated effector. On the contraiy, 
the drugs that modify the excitability to stimulating agents show an effect of lower 
intensity on the dcner\’^ated effector. 

Concerning the drugs that increase irritability (prostigmine, cocaine), one could 
argue that chronic denen'ation exaggerates irritability to sudi an extent that no 
further increase is produced by addition of a new potentiating factor. A greater 
effect, therefore, would be obscr\*ed on tlie normal side. This hj^iothesis cannot be 
ax>plicd to the case of drugs that decrease excitability. It seems more sound to give a 
common explanation of the phenomenon, in relation to the chemical agents that are 
less effective on the dener\-alcd effector. 

The greater potentiating effect of prostigmine on the response to acetylcholine 
of the normal s.g. as compared to tlie denervated s.g., may be considered in the light of 
the observations made by Croxatto, Huidobro and Luco (6) and Coutcaux and 
Xachmansohn (7). According to them, denerx-ation determines a decrease in the 
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cholinesterase content of the superior cervical ganglion. But, as stated above, the 
phenomenon seems to apply generally to the drugs that modify the excitability of the 
ganglion, and not only to prostigmine. 

The idea that denervation produces a change in cell permeability facilitating the 
penetration of drugs into the cell cannot be accepted if we consider the results pre- 
sented in this paper. Furthermore, with the data available at present concerning 
denervation any hypothesis has a purely speculative value. 

Considering the second point in the discussion, it has been shown that there is no 
quantitative relation between the dose of acetylcholine necessary to stimulate an 
effector and the amount of atropine required to inhibit its response to that drug. 
Thus, a small amount of atropine can block the relatively high dose of acetylcholine 
necessary to stimulate the normal effector and cannot inhibit the response of the 
denervated effector to a dose 10 times lower of acetylcholine. One arrives at sinular 
conclusions for the curarizing drugs and for the potentiating effect of prostigmine. 
The above considerations lead us to believe that the blocking or facilitation of the 
response to acetylcholine by certain drugs takes place through the participation of 
the biochemical systems of the cell and that these systems are changed by 
denervation. 

Clark and Raventos (i) formulated the hypothesis that the antagonistic action 
of atropine on the-effects of acetylcholine is due to a combination of atropine to the 
receptor, thus blocking the combination of acetylcholine to the same receptor. Our 
results do not support this hypothesis as, in the case of the denervated effector, the 
possibility of combination between the receptor and acetylcholine appears to be in- 
creased, whereas that of atropine to the same receptor seems to be decreased. The 
opposite would be true on the normal side. 

SUMMARY 

The effect of denervation on the excitability of the nictitating membrane and of 
the superior cervical ganglion, by drugs that stimulate or block those effectors, was 
studied in cats anesthetized with pentobarbital. The depressing effect of atropine 
and of curarizing drugs, and the potentiating effect of prostigmine, are of a higher 
intensity , on the normal effector than on the denervated effector. The contraction 
produced by ergotamine or dehydroergotamine on the nictitating membrane is of 
greater intensity in the normal effector. 

Results are analyzed from two different points of view: a) their relation to the 
law of denervation and b) the problem of the quantitative relations of acetylcholine to 
atropine and other depressor drugs. 
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TEMPERATURE CHANGES, CONDUCTION AND ELECTRICAD 
SYSTOLE (Q-T INTERVAL) OF THE ISOLATED . 
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W l HAVE previously studied the influence of strophanthin and quinidine 
upon the perfused isolated rabbit heart under constant conditions of ionic 
equilibrium, perfusion time, oxygenation and temperature, 37°C. (1-3). 
The need for constancy in these factors has been well recognized since the classic 
experiments of Ringer. The effects of high and low temperatures upon the mam- 
malian heart have been studied by numerous observers (4-6, 8, 10-12), who have 
noted, in general, the maximum and minimum limits of its variability at about 
45° to so°C. and 23° to is°C., respectively. That the heart rate varies directly with 
the body temperature in cold- and warm-blooded animals, as well as in animal experi- 
ments (6), is also well known. The effects upon atrioventricular and intraventricular 
conduction times and upon the electrical systole of the isolated rabbit heart of perfus- 
ing fluids of varying temperatures, and the degree of reversibility of those effects, is 
the subject of this paper. 

JIETIIODS 

TJic isolated rabbit heart tos perfused through the aorta (and, hence, the coronaries) rsith 
llie perfusion fluid simulating TjTodc’s solution used by Calder, for the entire heart, and rvith the 
Krcbs-Hcnscleit solution, for the isolated ventricles. Five per cent COj was continuously bubbled 
Uirough the rcscr\-oir; thyrotron stimulation of the auricles or of the isolated ventricles at various 
rates was accomplished as before (1-3). A heated water jacket kept the temperature at tlic de- 
sired level and this was further accomplished by actual exchange of prccoolcd or preheated perfusion 
fluids throughout Uic perfusion si'stera. Various orders of rotation of fluids at approximately 45% 
42®, 37", 32°, 27°, as" and ip^C. were used in ditTcrcnl c.xpcrimcnts to lest reversibility and other 
cflccls. Electrocardiographic tracings corresponding to lead I were obtained, and the various EKG 
segments then measured with the Cambridge Measuring Instrument. 

RESULTS 

Effect of Cold. Prolongation of tlie A-V conduction time and of tlie Q-T interval 
(as well as the Q-Te, or Q-T corrected for the rate on the basis of Bazett’s constant) 
were noted occasionally at 34° to 35'^C., fairly constantly at 32® to 33®C., at all rates 
of .stimulation. These trends, as the tendency to spontaneous bradycardia, were 
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greatly exaggerated at 27° to 28“C. Prolonged exposure at that temperature re- 
sulted occasionally in complete A-V dissociation. QRS prolongation occurred less 
readily-. Upon ventricular stimulation at various rates, slight delay in I-V conduction 
was usually evident at 32°C. Upon atrial stimulation, on the other hand, it was 
often not evident until temperatures of 28°C. and below were reached. At 23° to 
24°C. A-V dissociation, idioventricular rhythm with wide aberrant QRS waves and. 


Table x. Effects in rephesentative experiments of varying temperattjres of perfusion 

, FLUIDS upon the INTERVALS OF THE ELECTROCARDIOGRAM 



TEilPEItATtTHE 

r-R SEC, 
INTEEVAE 

QHS SEC. 

Q-T SEC. 

Q-Tc SEC. 

BLOCK AT E-E 



A. Ventricular rate of loofmin. {R-R 0.60 sec.) 

I. 

37° 


0.052 

1 0.22 

0.32 

o.is 

' 2 . 

42° 


0.052 

0.27 

0-35 

0.18 

3 - 

32° 


0.058 

0.30 

0.38 

0,18 

4 - 

27° 


0.070 

0-33 

0.43 

0.23 

I. 

45 '’ 


0.036 

0.23 

0.30 

0.12 

2. 

zf 


0.044 

0.26 

0-34 

0.14 

3 * 

28“ 


0.059 

0.031 

0.39 

0.17 

4 - 

19'’ 


0.097 

0.43 

0-54 

0.32 

I. 

37’ 


0.046 

0.29 

0.38 

0.18 

2. 



0.050 

.. 0.33 

0.43 

0.18 

3 - 

1 20 

1 


0.070 

0.41 

O.S 3 

0.18 

I. 

0 

to 


0.060 

0.30 

0.37 

0.15 

2. 

3 t° 


0.060 

0.35 

0.43 

0,20 

3 - 

29° 


0.096 

0.41 

0.53 

0.25 



B. Auricular and ventricular rate of i$ofmin. (R-R 0.40 sec.) 

I. 

zf 

0.122 

0.035 

0.18 

0.31 

0.18 

2, 

42“ 

0.15 

0.03s 

0. 12 

0.28 

0.20 

3 - 

Zo ° 

0.233 

0.035 

0.19 

0.32 

0.25 

I. 

zf 

0,122 

0.02 

0.14 

0.27 

0.18 

2. 

32° 

0.210 

0.032 

0.19 

0.34 

0.28 

3 - 

42“ 

0.177 

0.038 

0.19 

0,27 

0.27 

4 - 

28° 

(0.26) 

(0.048) 

(0.25) 

0.36 

0.45 


finally, standstill of the heart, were the rule. Occasional hearts tolerated temper- 
atures down to i9°C. before standstill occurred. Reversibility of these effects was 
usually complete as a result of changing from 33° to 37°C. (or higher), incomplete 
from 28° to 32°C. to 37°C., and almost absent upon replacement of solutions at 
23° to 27°C. by those at 37°C. (table r and fig. i). 

Of some interest was the usual occurrence of paroxysmal ventricular ectopics, and 
ventricular tachycardia and fibrillation, at temperatures below 27 C. and at rapid 
rates of stimulation of the isolated ventricles. These arrhythmias appeared only 
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rarely when tlie atria were so stimulated at low temperatures, since A-V block inter- 
vened before vtxy rapid ventricular rates of beating resulted. Markedly slowed 
intraventricular conduction plus extremely rapid rates of stimulation form an 
accepted basis for the appearance of these arrhythmias (10). No atrial arrhythmias 
occurred. 

T-wave lowering and inversion (or reversions toward positive from negative) not 
infrequently followed the exposure of the heart to moderate cold. More commonly, 


R-R Interval 



_Fig. 1. TnvROTRON-sTn.nH.ATED HEART (auriclc) at rales of 75 to 30o/inin. Perfusion with 
solutions at 37°, 32®, 42®, and 28°C. in tliat order. Note prolongation of the intervals parallel to 
tijc degree of cooling, reversible cFccls on the P-R and Q-T lengths at all rates of stimulation upon 
heating a cooled heart. 

N. B. The 'rccovcrj' curves’ of A-V and I-V conductiwty and of electric systole (Q-T) so 
obtained by artificial stimulation, including unphysiologically extreme rates, are not to be confused 
with the known shortening of the intervals with incrc.asing heart rates, and vice versa, in human and 
animat 6\ibjcclE. 


extreme cold caused high take off and increased height and width of the T-waves, as 
it caused marked widening and aberration of tlie QRS comple.x. Usuall}’ S-T pro- 
longation occurred simultaneously with widening of tlte T-wave; sometimes the 
latter only occurred. 

Ejjccls oj JJcal. Perfusion at temperatures higher than 37°C, up to 40®C, and 
occasional!}' 42°C., usually shortened the P-R, QRS and Q-T interv'als, espcciail}* at 
faster rates of stimulation. Commonly, however, j)erfusion of the heart at to 
45^C. resulted in progressive slowing of the ntrio-vcntricular conduction and pro- 
long-ation of the Q-T (and of the Q-T<,) inteiwals. These effects quickJ}* became irre- 
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versibie at 4S°C. on repcrfusion at 37‘’C.; they were at least partially reversible at 
40° to 42°C. QRS prolongation was occasionally absent at temperatures as high as 
4S°C. sometimes delays in intraventricular conduction were evident at 42°C. (fig. i), 
and more so at 4$°C.; often, though, no change in, or actual increased speed of, 
ventricular impulse transmission occurred at that temperature (table i and fig. i). 
Ventricular arrhythmias occurred rarely, though more frequently than at 37°C., at 
high temperatures, and at rapid rates of stimulation. No atrial arrhythmias were 
observed. 

Moderate heat was frequently associated with narrow pointed T-waves, as 
would be expected from the more rapid rates of spontaneous ventricular beating. 
T-wave lowering or inversion (or reversions toward positive from negative) also 
occurred not infrequently from moderate heat, as from moderate cold. 

COiQEENT 

Effecls on Airiovenlrkular Conduction. Progressive cooling of the isolated rabbit 
heart resulted in consistently increasing delays in, and finally the complete failure of, 
conduction from the atria to the ventricles (fig. i). Slight increases in temperature 
above 42°C. speeded A-V conduction, while great increases tended to slow it. These 
effects had been noted in intact animals (6, 10-12). 

Ejfects on Intraventricular Conduction. Changes in temperature affected the 
intraventricular conduction time much less markedly than that between the atria 
and ventricles. This failure to influence greatly QRS width was especially evident 
following stimulation of the atria rather than the isolated ventricles; under those con- 
ditions marked lowering of temperature was required before intraventricular block 
intervened. Prolongation of the QRS even at 45°C. also occurred only infrequently. 
Intraventricular block has been reported on exposure of intact animals to extreme 
heat (10), and explained at temperatures of 60° to 7o°C. on the basis of release of K+ 
from the red blood cells (ii). Temperatures higher than 45°C. were quickly fatal to 
the isolated rabbit hearts and, hence, were not employed by us. 

Ejjccts on the Q-T Interval. Lengthening of the Q-T interval and of the Q-Tc, 
parallel to the degree of cooling, was noted in all experiments. At very low temper- 
atures the widening of the QRS and the high T-wave contributed to its prolongation, 
which was in all instances out of proportion to the slowing of the spontaneous rate. 
This effect is to be noted in the electrocardiographic tracings though not expressly 
stated, in several previous contributions (6, 10, 12). Moderate or marked elevation 
of temperature likewise prolonged the Q-T interval at various rates of artificial stimu- 
lation in our experiments; slight hyperthermia shortened it. Hyperpyrexia, in 
general, has been shoAvn to prolong the Q-Tc ‘constant’ more often than shorten 

it (5). 

Some of the effects upon the S-T and T segments of the electrocardiogram had 
been noted previously (5, 8, 10) and indicate the marked lability of that recovery 
period of ventricular activation (Nachschwankung) under changing conditions of 
temperature as of other factors. 

Arrhythmias. The occurrence of ventricular arrhythmias at fast rates of ven- 
tricular beating at low temperatures is easier reconciled with slowed conduction than 
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with tlie observed prolongation of the Q-T interval, since, experimentally, ventricular 
tachycardia and fibrillation is usually associated with a shortened refractory period 
(grossly represented by the Q-T length) as well as slowed conduction (9). In tliis 
connection ventricular tachycardia arising from rapid stimulation of tlie isolated 
ventricles under the influence of various drugs and ions can be most rapidly stopped 
by immersion of tlie ventricles in ice water (13). That paradoxical effect may be 
explained on the basis of the demonstrated marked prolongation of the Q-T interv'al 
(or ventricular refractory period). Atrial fibrillation was a rather consistent phe- 
nomenon in human subjects whose temperature was reduced to 30°C. (86°F.) (7). 
That it did not occur in the isolated rabbit hearts at that or lower temperatures may 
be explained on the basis of their freedom from nervous (vagal) or anoxic (respiratory 
failure) influences. Ventricular arrhythmias were encountered under conditions of 
hyperthermia plus rapid ventricular rates of beating in very few instances. Other 
workers have reported them, as well as atrial and other arrhythmias, in animals 
subjected to much higher temperatures (10, ii). 

SmiMARV 

In isolated rabbit hearts perfused with isotonic fluids at various temperatures 
it was demonstrated that cooling caused progressive atrioventricular and, to a lesser 
extent, intraventricular block, with prolongation of the electrical s^'stole (Q-T inter- 
val) beyond the expected bradycardia influence. Excessive cold and rapid rates of 
stimulation of the isolated ventricles produced paroxj'smal ventricular tachycardia 
and fibrillation, whereas, paradoxically, these arrhythmias when produced by other 
influences are quickly abolished by immersion of the hearts in ice water. 

Heating the hearts increased the heart rate and shortened the various EKG 
intervals. Excessive lieat, however, resulted in atrioventricular block, occasionally 
intraventricular conduction delay and, frequently, prolongation of the Q-T interv^al. 

S-T and T changes occurred frequently upon cooling or heating the heart and 
showed the lability seen in other disturbances of homeostasis. 
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HOMEOSTASIS OF POTASSIUM IN THE EXTRACELLULAR 
FLUID OF THE DOG DURING REMOVAL BY 
VIVODIALYSIS* 

ROGER M. REINECKE, CLEON R. HOLLAND a>jd FRANCIS L. STU'IZMAN 
From (he Depariincni of Physiology, University of Minnesota 

MINNEAPOLIS, MINNESOTA 

T he concentration of potassium in the extracellular fluid of the dog is nor- 
mally maintained within rather narrow limits. The kidney is considered 
to play the dominant r 61 e in the maintenance of this concentration by ex- 
creting excesses and by conserving potassium during scarcity. If, however, suflicient 
potassium were removed from the extracellular fluid during a given period so that 
the quantity made available by absorption and catabolism were exceeded by an 
amount approximating or exceeding that in the extracellular fluid, it would be mani- 
festly impossible for renal excretion of itself to maintain the extracellular potassium 
concentration substantially above zero. The presence of an appreciable concentra- 
tion of potassium in the extracellular fluid under these circumstances would there- 
fore indicate the presence of other mechanisms for the maintaining of the extracellular 
potassium level. 

Kolff el al. (i) have described a dialyzer that would appear to have sufficient 
capacity with a reasonable working volume for blood to make feasible the removal 
of potassium by vivodialysis at such a rate. Their dialyzer also has the added ad- 
vantage that the hydrostatic pressure difference across the membrane approximates 
zero at all points. 


PROCEDURE 

A modified form of the Kolff dialyzer was developed (fig. i) and a suitable 
dialyzing fluid formulated (table i). Male dogs of varied ancestry and condition 
were used. They were kept anesthetized with sodium pentobarbital while being 
dialyzed (25 mg/kg. intraperitoneaUy initially and then 6 mg/kg. intravenously as 
needed). Heparin was given intravenously to prevent clotting (10 mg. plus 2 
mg/kg. initially and then 0.2 mg/kg. every half hour). 

The blood samples of 30 to 50' cc. generally were drawn into the syringes shown 
on the dialyzer. After a portion had been saved out for hemoglobin determination, 
the remainder of the sample was centrifuged under light mineral oil to separate the 
plasma. This was stored anaerobically in a syringe kept in a refrigerator until 
the carbon dioxide content had been determined. The sample was then transferred 
to a test tube and handled aerobically. If only potassium and hemoglobin were to 
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Fig. r. The diai.yzer consisted of a vcrticic xVrehimedian spiral of cellulose lube revolving parfly 
submerged in a dialyzing bath. The blood flowed through tlie tube by gravity in waves near the 
bottoms of the turns as the spiral rotated. The strip of 25 raesh/in. screen supporting the .spiral 
liad wire helices fastened on its edges to separate the turns about an J in. A tube-pump fSigma- 
molor Mfg Co., Niagara Falls) transported the blood both to the sprial and back to the subject 
It also brought fresh fluid to the bath. An Archimedian pump in the core 01 the spiral kept the 
surface of the bath at the lower margin of the core. ,A i lip. motor drove the jiump and turned the 
dialyzer at 1S.6 R.P.M. The metal parts of the dialyzer were of monel or stainless steel. Ail nuts 
were threaded so they would tend to tighten in operation. Sjiongc rubber gaskets made the case 
water-tight and held the spiral in place. The path of the blood is shown by the arable numerals 
and that of the dialyzing fluid bj’ the letters taken in order. Fifty ft. of cellulose tube (Ah’sklng 
Corp., Chicago) was used to wind the spiral. It had an inflated diameter of 32 in. new tuiie was 
u.scd for each dialysis. It was kept wet and stretched during winding. Connectors of glass tubing 
were tied into the ends with several turns of tight)}’ stretched rubber band. These were anchored 
to the .supporting .screen with stretched rubber bands, which ivould take up any slack developing 
later. Polyethylene lubes of o.i in. bore and 0.014R in. wail were used to carry blood in the rest 
of tlie system. They were Joined both to each other and to the glass and metal jiarts by connectors 
of poh'vitud chloride plastic lube of I in. bore. These were held on by everted collars formed on the 
ends of the [jolyethylcne tube by heating them in an open flame for a moment. The connectors, 
the glass and metal parts, and tlie amber gum tube in the pump were treated with Dri-hilm (2) if 
they were to come in contact with blood. .A small quantity of D.C. .•Vntiloam (Cow Corning, Mid- 
land, Mich.) Was spread inside of the bubble and clot trap in the line returning blood to the animal. 
I'he [lump was arranged to have a greater capacil}' for removing blood from the dialyzer than from 
the .subject. One liter/min. of s 9 r CO2 in 0 .> was passed into the dialyzing fluid line between the 
[mm]i and the dialyzer. The assembled system was cleaned by filling it with i/.ioo Zephiran sfilution, 
which was later thoroughly washed out with sterile saline. Vhc ojierating volume v.as ,5Oci-.t0Q cc. 
for blood .and alwiui i L. for dialyzing fluid. Lengths of Polyteheue tube of o.cS.* in. O.I). and 0.007 
in, w.al! were inserted into either the femoral or c.vlcma! Jugular vein through no. 12 hypodermic 
needles. After the tubes were started the needles were strippeti ofi". TJie tubes were then advanced 
itito the vena cav.a. Their protruding ends were connected to the lines from the machine by poly- 
thene ad.aptcrs formed from the o.t in. l.D. tubing by heat and pressure. Care was t.aken to place 
the tubc.'^ in the vena rava so as not to withdraw blood Just returning from the di.alyzcr. 
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be determined, only 10 cc. of blood was taken and this was handled aerobically. 
Hemoglobin was estimated as described previously (5). Carbon dioxide was esti- 
mated manometrically (6). Chlorides were determined by the titration of Schales 
and Schales (7) on the filtrate obtained b)’’ adding r part of plasma to 10 parts of 
tungstic acid made by adding i volume of 10 per cent sodium tungstate and i volume 
of 2/3 N sulfuric acid to 8 volumes of water. Inorganic phosphorus was estimated 
by a modification of the method of Fiske and Subbarow (8). Three cc. of filtrate 
obtained by adding i part of plasma to 10 parts of 10 per cent trichloracetic acid 


Table i 


rOKMULA FOR UIALyZING FLTJin 



COMPOSITION 


Sodium chloride 

134.0 

Na 

333 

nig.% 

Potassium chloride 

5-7 

K 

15-0 

(( 

Calcium chloride dihydratc 

4-7 

Ca 

6-53 

a 

Magnesium lactate trihydrate 

3-4 

Mg 

I. 61 

cc 

Citric acid 

0.6 

Cl 

432 

a 

Glucose 

20.0 

COi 

66.6 vol.% 

Carbowax 6000 IE 

200.0 

P 

4.61 

mg.% 

Sodium dihydrogen phosphate mono- 
hydrate 

4.1 

Lactic acid 

II. 9 

CC 

Sodium bicarbonate 

50.0 

Citric acid 

3.00 

<( 

Water — sufficient to make 20 liters 


Glucose 

100 

(t 


In the potassium removal experiments 4.5 gm. of sodium chloride was substituted for the potas- 
sium chloride. To prejiare the solution, the dry components other than the bicarljonate for any 
convenient number of batches were thoroughly mixed together. Quantities of the mix for 20-liter 
batches were weighed out and stored in airtight containers. A 20-Iitcr batch of the dialyzing solu- 
tion was then prepared by dissolving one of tliese in about 18 liters of water, adding the bicarbonate, 
which had been dissolved in another liter of water, and diluting to volume. Adequate stirring with 
an avoidance of turbulence was necessary to avoid loss of carbondioxide gas. The finished solution 
was warmed to 40-45° C. just before it was to be used. This sufficed to keep the temperature in 
the dialyzer at about bod}' temperature. The formula was calculated on the basis of the data of 
Greene and Power (3). Lactate and citrate in physiological amounts were used to suppl}' part of 
the undetermined anion and bicarbonate the rest. Carbowax 6000 W is the trade name under which 
the Carbide and Carbon Chemical Company supplies a polyethylene glycol with the average molecu- 
lar weight of about 6,000. This substance penetrated the dialyzing membrane used only very slowly 
and served to balance the colloidal osmotic pressure of the plasma proteins (4). 

was measured into a test tube. A concurrent blank and standard were prepared 
by measuring 3 cc. of a zero and a 5 mg. per cent standard into second and third 
test tubes respectively. The zero standard was prepared by adding i part of water 
to 10 parts of 10 per cent trichloracetic acid, and the 5 mg. per cent standard by add- 
ing I part of a solution of potassium dihydrogen phosphate containing 5 mg. per 
cent of phosphorus to 10 parts of 10 per cent trichloracetic acid. Three cc. of color 
reagent was then added to each of the tubes. The contents were thoroughly mked 
and after standing about an hour were compared in a photoelectric colorimeter at 
the 660 mil wave length. The color reagent was freshly prepared by adding 4 parts 
of the aminonaphthol sulfonic acid reagent and 10 parts of molybdate II to 36 parts 
of water. The premixing of these reagents was a convenience and seemed to result 
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in blanks with less color. A couple dozen analyses can be made concurrently with 
this procedure with good checks. Calcium was determined by the Clark Collip 
procedure (9). Two cc, of 2 per cent ammonium o.xalate was added to 2 cc. of 
plasma. The precipitate was washed twice with 2-cc. portions of ammonia water 
instead of once with 3 cc. Magnesium was estimated in a 3-cc. portion of the cal- 
cium-free supernatant fluid by the method of Denis (10). The washed ammonium 
magnesium phosphate precipitate was dissolved in 3 cc. of the zero standard from 
the phosphate method and compared with a 10 mg. per cent standard prepared 
analogously to the 5 mg. per cent standard described. The checks were not close 
and the results must therefore be regarded as approximate. 
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Sodium and potassium were estimated with the model 52A Perkin and Elmer 
flame photometer, which employs the internal standard principle (ii). The plasma 
sodium was determined by addition of 0,1 cc. of plasma to 10 cc. of a lithium chloride 
solution containing 60 mg. of lithium per liter and comparing the resulting solution 
with a series of sodium and lithium chloride solutions containing 60 mg. of lithium 
and 10 to 50 mg, of sodium per liter. Potassium was determined in the same %vay 
except tliat I cc. of plasma was used instead of o.i and the standard scries was c-x- 
Icnded to include the 5 mg, liter concentration. The used dialyzing fluid from the 
potassium removal e.\periments was analyzed for potassium by adding 10 cc. to i 
cc. of a lithium chloride solution containing 600 mg/Iiter of lithium and comparing 
the resulting solution with a series of solutions made b}' adding 10 cc. of unused 
dialyzing fluid to i cc. of a solution of potassium and lithium chlorides containing 
50 to 5C0 mg. of potassium and 600 mg- of litliium per liter. Two to five weeks after 
the potassium removal the animals were again allowed to fast for two days and then 
anesthetized as before. Ti<cir bladders were washed %vi(h distilled water. They 
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were allowed to continue under the anesthesia for a period equal to the elapsed time 
of the dialysis in each instance. Their bladders were then washed a second time with 
distilled water and the washings diluted to one liter. One cc. aliquots of the diluted 
washings were analyzed for potassium by the method used for plasma. These 
methods for determining sodium and potassium were checked by determining known 
added amounts of these elements. The results of these checks are shown in table 2. 
It appears that the methods for potassium yield values that are probably somewhat 
lower than the true values but rvhich are nevertheless useful for the purposes of this 
study. 


RESULTS AND DISCUSSION 

The results shorvn in table 3 indicate that the plasma components determined 
other than potassium behaved in substantially the same way in both the control 
and potassium removal experiments. Inorganic phosphorus tended to rise mth 
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The elapsed time of dialysis includes the time during which the dialysis may have been briefly 
interrupted. The initial extracellular potassium was calculated by multiplying the plasma concen- 
tration by 0.3 of the body weight. It seems fairly certain that the extracellular fluid of the dog does 
not exceed this fraction of the body weight (4, 12-14) and that its potassium concentration does 
not exceed that in the plasma (15). 

1 The true value is probably nearer 1.5 gm., for about i of the used dialyzing fluid was lost and 
the potassium it presumably contained was not included. 

- Probably higher than normal. The animal had contracted distemper and died the next day. 

time in both but there is no evidence that it entered the plasma from the dialyzing 
fluid. The other ions seemed to remain fairly constant throughout the dialysis and 
did not exhibit any evidence of net transport across the dialyzing membrane. The 
hemoglobin varied somewhat, but this seems to have been related to the response 
of the subjects to the hemorrhage (the 300-400 cc. of blood needed to operate the 
dialyzer) and not to the net transport of water across the dialyzing membrane. ^ Po- 
tassium was effectively removed by the dialyzer when it was omitted from the dialyz- 
ing fluid. The subjects, however, were able to maintain levels approaching low 
normal in spite of this removal. The results presented in table 4 show that the po- 
tassium found in the used dialyzing fluid approximated or exceeded the total that 
would be expected in the extracellular fluid at the beginning of the experraent. 
The amounts recovered in the urine during a comparable period of anesthesia and 
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after a similar period of fasting correspond to what was expected from those reported 
in the literature (16) and are too small to account for much of that removed by dialy- 
sis. It follows therefore that according to the postulate set up in the introduction 
that some mechanism or mechanisms other than renal excretion are involved in 
maintaining the concentration of potassium in the extracellular fluid within normal 
limits. 

The ph5^siological role of potassium has been extensively reviewed (17-19). It 
will suffice here to mention the finding of Winkler and Smith (13) that the volume 
of distribution of injected potassium is greater than that of the extracellular fluid 
in the dog. This indicates that factors other than renal excretion are of importance 
in preventing excesses of potassium from elevating the extracellular fluid concentra- 
tion unduly while conversely the results of the present study show that the effects 
of potassium removal are also minimized by mechanisms other than renal excretion. 

SUIUIARY 

Amounts of potassium approximating or exceeding the amount calculated to 
be in the extracellular fluid initially were removed from dogs within four to five hours 
by vivodialysis. 
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RESPIRATORY WATER VAPOR AT SIRIULATED ALTITUDE 

LOUISE H. MARSHALL and HEINZ SPECHT 

From the Laboratory of Physical Biology, Experimental Biology and Medicine Insliiuie, 

National Institutes of Heallh 

BETHESDA, MARYLAND 

T he desirability of obtaining information concerning tiie respiratory ^Ya^cr 
vapor loss at altitude became eHdent while testing oxygen breathing equip- 
ment in the decompression diamber. The apparent facilitation of freezing 
of exhalation valves observed at altitude could be caused by either increased vapori- 
zation in the lungs due to alterations in the physical characteristics of the respired 
gases, or increased respiratoi^’’ ventilation, or a combination of these factors. 

In making corrcclions for the water vapor content of respired gases, respiration physiologists 
assume a partial pressure of 47 mm. Hg, or that of pure water at bod}’ temperature. Tlie accurac}’ 
of this value is ob^ously open to question, since evaporation into tlie alveolar space is not from sur- 
faces of pure water of whicli the precise temperature is known. If altitude affects the amount of water 
\’apor in the alveolar space, the magnitude of the change becomes increasingly significant the smaller 
the total barometric pressure. Since at present the measurement of the degree of saturation within 
the alveolar spaces is impractical, we felt that some indication of whether or not it is affected by alti- 
tude might be found in studies of cxlialcd water vapor. 

The most frequently used method of determining exhaled water vapor has been to weigh the 
amount of water absorbed by suitable chemicals over which llic breath has passed (1-5). The dis- 
advantage of this method is the effect upon the normal respirator}- pattern of tJic high resistance 
introduced into the airway, which alters velodty and concomitantl}- the time relationships. Dev.- 
point dctcrnunalions of Uic c.xhaled air have been made by Lasage (6) and Christie and Loomis (7). 
With this method tljcre is the possibility of the end point being obscured by particulate water carried 
out with the air when expiration occurs at a high velocity. Wet and di}’ thermocouple readings liar'e 
}>ecn attempted in the upper respirator}- passages by Seeley (S), and in the bronchi by Fugitt (0). 
Here the difficuity of sluckb'ng the Junctions vriihout interfering v.ith the airCow past them and the 
continu.'iliy ch.-inging velocity of this ilow make reliable determinations infrequent. Lombard (ro) 
sca:ted a few cstiroauons of lung water loss by s*jbtracting the body weight lost while holding the 
bre.ath from the total insensible weight lost over a comparable period. 
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Our vapor pressure estimations are based on measurements made with o) a 
gravimetric and b) a dew point apparatus. The first method involved freezing out 
and weighing the water contained in a measured volume of exhaled air. This method 
was developed independently of Burch’s work (ii), which is based on the same 
principle. The second method depended upon determination of the temperature at 
wliich the water vapor in the exhaled air started to condense. This dew point de- 
termination was independent of air volume measurements and had the additional 
advantage of speed and directness. Both types of apparatus were designed to 
minimize dead space and resistance, and were used concurrently. 



Fig. I. Schematic diagram of apparatus. (A), Plastic inspiratory valve; (B), rubber nose” 
) ece; (C), metal expiratory valve; (D), corrugated rubber tubing; (E), chilled ‘scrubber’; (F), meta 
housing for fine wire mesh; (G), recording spirometer; (H), airtight pump for recirculation of gasJ 
(K), hand-operated valve to direct gas through gravimetric or dew point apparatus; (L), metal ex- 
piratory valve; (M), copper bar covered with enclosed space, glass top of which is kept from fogging 
by heated coil. 


METHODS 

Gravimelric Apparatus. Figure i is a schematic diagram of the apparatus. In- 
halation was through a rubber check valve in plastic housing (A) mounted on a metal 
tube onto which was fitted the nosepiece (B) made of rubber tubing cut to fit across 
the upper lip and flare of the nostrils, and cushioned with sponge rubber. A metal 
septum separating the air streams extended to within 1.5 cm. of the nasal septum, 
making a dead space within the apparatus of approximately 7.5 cm.® The exhaled 
air passed through a metal-bodied check valve (C) and corrugated rubber tubing 
(D) to a ‘scrubber’ (E) where the water vapor was frozen out. Premature conden- 
sation was prevented in the metal tube and exhalation valves (C or L) by heating 
the metallic parts so that they felt warm to the touch. Condensation in the rubber 
nosepiece (B) was never visible, and the small amoimt occurring was assumed to 
have reached equilibrium by the time the first measurement was made. The scrub- 
ber, a brass canister with internal baffle arrangement or alternatively a copper coil, 
was immersed in ethyl alcohol chilled with dry ice to approximately — so°C. In 
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our early experiments, escape of frost was prevented by a plug of glass wool placed 
near the outlet of the canister. The glass wool offered noticeable resistance to ex- 
piration, and it was later replaced by a large area of fine mesh screen (F) such as tliat 
described by Burch (ii). Thecold dryair then passed intoa recording spirometer (G). 

The accuracy of the final results w'as dependent upon reliable gas volume read- 
ings. By means of an airtight pump (H), the spirometer gas was recirculated past 
wet and dry thermocouples for 5 nunutes at the end of each experiment (total spir- 
ometer volume recirculated approximately three times), when the lowest dry thermo- 
couple temperature was reached, indicating thorough mixing, and the relath’e hu- 
midity was 95 per cent or greater. At this time the volume reading was made. 

The mean pressures developed at the nose during eupnea were —1.2 mm, Hg 
for inspiration and -fo.p and -j-2.7 mm. Hg for expiration through the wire mesh 
and the glass wool respectively. 

The gain in weight of the scrubber with attached parts (D, E and F, fig. i) 
represented water vapor collected during tlie test period. Composition of the gas 
within the scrubbers had to be identical in the initial and final weighings, except for 
water vapor. This was accomplished by ventilating the scrubbers with 6 liters of 
dry room air after the experiment. Open drying tubes filled with indicating Drierite 
were attached to the scrubbers to ensure pressure equilibration during altitude and 
temperature changes without loss of collected water or addition of ambient water 
vapor, and were included in the weighings. 

After an experiment, the exterior of the scrubbers was dried at room temperature 
under a fan, and they were kept in desiccators for at least 4 hours before weighing. 
Before being used again they were dried internally witli warm air and kept in desic- 
cators overnight. A beam balance sensitive to 5 mg. with i-kg. load was used. The 
weights were read to the nearest 5 mg. which represented a sensitivity of 0.5 per 
cent with the mean net weight found in our e-xperiments. 

Calibration of the canisters and coils with known amounts of water (range 
705-1740 mg.) showed a mean recovery of approximately 97 per cent, the mean 
difference and standard error between sought and found weights of water being 
— 2.69 =ir .54 per cent. The vapor tensions of water at — 5o°C. and of calcium sulfate 
do not entirely account for the consistently low recoveiy. In addition, a significant 
loss of aqueous vapor seems to have occurred when tlie scrubbers were disconnected 
and stoppered. 

All calculations are based on tlie Smithsonian Meteorological Tables (1931). 
Computation of the amount of water per unit volume of respired gas involves cor- 
recting tlic e-xlialed gas in the spirometer to standard conditions of temperature and 
drj-ness and to the corrected ambient pressure, that is, 760 or 226 mm. Hg, according 
to whetlier or not the test was made at ground level or at 30,000 feet simulated 
altitude. This ambient pressure correction is indicated by inserting the letter ‘a’ 
into the usual STPD S3'mbol for standard conditions. The v.'eight of water per 
liter STPaD is a physiologically artificial value, but one vdiicli e.xprcsses aqueous 
\’apor changes in terms of constant gas volumes. The plu'siological condition is 
expressed more appropriate!}' bj' further correcting tlie standard c'olumes to e.xljalcd 
conditions. In our series, this is So per cent saturation at 32.2'’C,, the mean of 52 
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thermocouple measurements of the highest temperature observed at the nostrils 
during exhalation, standard deviation ±o.62°C. The value for saturation is that 
most frequently found in the literature for exhaled air. Two disadvantages of this 
correction are apparent. In the first place, a constant value is assigned to the vapor 
tension, variations of which are under investigation. In the second place, the dis- 
proportionate corrections for moist volumes at total pressures of 760 and 226 mm. 
Hg respectively obscure the small changes in weight of water which were found. 

Dcii) Point Apparatus. The preceding discussion makes apparent the advantage 
of a method of determining aqueous vapor pressures without recourse to calculations 
based on gas volumes. Accordingly, direct measurements of dew points were made. 
The apparatus, which was designed by Mr. Howard F. Brubach of this Laboratory, 
consisted of a massive copper bar (M, fig. i), 5 X 5 X 70 cm., one end of which was 
cooled by dry ice in water, while the other end was heated with a nichrome wire, the 
temperature of which was controlled by a Variac transformer. Adjustment at the 
heated end maintained a temperature gradient from approximately 16° to 35°C. along 
the calibrated length of tlie bar. By means of a manually operated valve (K), the 
exhaled air was directed by way of the heated metal-bodied check valve (L) through 
an enclosed space running the length of the highly polished bar surface. A heated 
wire coil prevented condensation on the glass top so that the bar surface remained 
visible. Condensation of vapor began where the bar temperature was at the dew 
point of the gas. This temperature was measured by means of iron-constantan 
thermocouples inserted into holes drilled just below the bar surface at regular inter- 
vals. The thermocouples were made of no. 34 B and S gauge wire welded at the 
exposed tips and had tin-foil tamped aroimd them to assure good contact with the 
bar. The e.m.f. was measured by means of a Leeds and Northrup type K ' potenti- 
ometer with built-in galvanometer, using a cold junction maintained at o°C. 

The effects of changes in gas velocity upon surface temperature and of cooling 
due to evaporation were minimized by the massiveness of the bar. During inspira- 
tion, when no gas was flowing across the bar, condensation could be seen moving 
towards the warm end (indicating a rise in vapor pressure), apparently due to warm- 
ing of the relatively stationary column of gas in contact with the bar plus evaporation 
from the moisture droplets at the cold end. As expiration began, this faint fogging 
of the bar retreated towards the cold end, until it merged with the very definite 
‘meniscus’ of heav}’- condensation lower down, the distance on the bar corresponding 
roughly to a decrease in temperature of 2°C. If exhalation was imduly prolonged, 
this meniscus was seen to creep towards the warm end, due to the increase in vapor 
tension with increasing admixture of alveolar gas. The increase in aqueous vapor 
pressure during slow, deep respirations compared with that during rapid, shallow 
breathing could also be demonstrated. 

An additional thermocouple was inserted between the nostrils and nosepiece. 
By closing the galvanometer circuit only toward the end of exhalation, excursions 
of the galvanometer were kept to a minimum. Since a slow respiratory rate would 
afford the galvanometer more time to approximate the maximum deflection, we 
tested statistically whether or not the magnitude of the measured temperature 
depended upon the rate of respiration. Twenty-four observations of rate and tem- 
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perature at ground level showed an insignificant correlation coefficient of —.26, It 
appears, therefore, that our thermocouple placed at the nostrils accurately measured 
the maximum temperature of exlialed gas within tlie limits imposed by the wire size 
and physiological conditions. 

Two other thermocouples furnished wet and dry temperature readings of the 
circulating spirometer gas. The one-half inch tip of e.xposed wires of the wet thermo- 
couple, placed downstream from the dry thermocouple, was kept adequately moistened 
by wrapping it with a strip of long-fibred lens paper the end of which dipped into 
distilled water. The iron wire was kept free from rust. 

To test the accuracy of the dew point apparatus, dew point readings were com- 
pared with simultaneous wet and dry thermocouple measurements while gas was 
behig passed intermittently across the bar. Agreement was within approximately 
one per cent when tested with room air, spirometer air, and He-Oa gas mixtures, 
vapor pressures of which ranged from 14 to 24 mm. Hg. 

Subjects. Twelve of the subjects were Navy volunteers 17 to 19 years of age, 
in good health and free of respiratory infection at the time of our experiments. They 
had had one indoctrination chamber ‘flight’ before sei^dng as subjects. Three sub- 
jects were laborator}'' personnel, older, and well versed in decompression chamber 
technique. Since earlier work (12) has shown that variations from day to day and 
between individuals are as large as variations due to different conditions, the experi- 
ments were designed for paired obsen^ations. 

PROCEDURE AND RESULTS 

Altitude Changes. Fifteen subjects were tested at ground level and simulated 
altitude while breathing dry o.xygen from Douglas bags. All tests were made at 
room temperature and humidity and with the subjects comfortably clothed and 
sitting quietly in tlie decompression cliamber. After a short rest, and then breathing 
dr}” o.xygen from a mask and demand regulator for 5 minutes, the subject was trans- 
ferred to the nosepicce and after 2 minutes a dew point reading was taken. Then 
the e.xhaled gas was directed through the canister or coil, which had been immersed 
in the chilled alcohol 5 minutes previously, and into the recording spirometer. When 
the spirometer was filled (3-5 minutes), it was turned out of the system and recircu- 
lation of its volume started. During this time a second dew point reading was 
taken. Upon completion of the ground level run, the subject was transferred back 
to his face mask and the ascent to 30,000 feet simulated altitude was made at the 
rate of 2,000 feet per minute. As soon as the decompression chamber was leveled 
off the e.xpcriment was repealed. 

Table i shows the respirator}' data and the vapor pressures calculated from 
them and from the dew points. Mean differences between the ground level and 
altitude values are shown, and for the vapor pressures the standard errors of the 
differences have been calculated. The probability that the differences between the 
cxjjeri mental and control values occurred by chance was determined by Fisher's i test, 

'The avcrrrgc weight of respired water lost per minute was lower at 30,000 feet 
simulated altitude than at ground level. This decrease occurred in T4 of the 15 
subjects. The one subject (no. iS) who showed an increase in minute water output 
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Table i. Respiratory water vapor at ground level and 30,000 feet simulated altitude 

IS subjects at rest breathing oxygen 


SUBJECT 

KO. 

EXPERl- 

MEKTAL 

CONDITION 

KESF,/ 

WATER 

LOSS/ 

MIN. 

MINUTE VOLUMES 

VAPOR PRESSURES 

1 EX- 
1 HATED 

STPaVi 

Correc- 

tion 

Exhaled 

Correc- 

tion 

From STPaD 
Vols. 

From Exhalcc 
Vols. 

From Dew 
Points 

GAS 

TEM- 

PERA- 

TURE 




mg. 

L 

1. 

mnt. Eg 

mm. Eg 

mm. Eg 

°c. 


Ground 

14.7 

176 

6.37 

7.4c 

28.9 

24.5 

29.2 



Altitude 

13-0 

123 

4.6? 

6.05 

27.4 

21.0 

25.2 



Ground 

15.3 

303 

9.24 


34 . 5 

29.4 

3t.o 



Altitude 

13.4 

201 

S-S4 

7.12 

38.4 

29.6 

28.9 


16 

Ground 

13-6 

191 

6.41 

7-45 

31.3 

26.6 

30.7 



Altitude 

15.6 

138 

4-43 

S. 7 C 

32,8 

25.1 

28.7 


17 

Ground 

13. 1 

301 

8.35 

9.71 

38.2 

32.6 

32.5 



Altitude 

13-7 

218 

5.82 

7.47 

39.7 

30.4 

30.0 


18 

Ground 

13-3 

167 

7.26 

8.44 

23.6 

20.2 

25.3 



Altitude 

10.6 

186 

5-74 

7.38 

34.1 

26.1 

25.2 


Jp 

Ground 

II. 4 

276 

8.51 

9.89 

34.1 

29.0 

30.8 



Altitude 


241 

6.75 

8.68 

37-8 

29.0 

29.7 


zx 

Ground 


19s 

5-48 

6.38 

37.8 

32.0 

31.8 



Altitude 


153 

4-13 

5.31 

39-3 

30.1 

29.6 


22 

Ground 


358 

13.79 

16.04 

26.9 

22.9 

31.3 



Altitude 

21.8 

322 

10.97 

14.09 

30.8 

23.5 

' 31.3 


27 

Ground 

17.0 

180 

6.47 

7-53 

29.0 

24.8 


28.1 


Altitude 

14.6 

129 

4.14 

5.32 

32.6 

24.9 


30.9 

28 

Ground 

13.0 

363 

9.96 

11.58 

38.6 

33.0 


32.0 


Altitude 

10. g 

285 

7.72 

9.93 

39.3 

30.1 


26.9 

jr 

Ground 

14-5 

240 

6.54 

7.61 

38.8 

33-2 


34-0 


Altitude 

13-4 

191 

4.66 

S.99 

43.9 

33. 5 


34.4 

33 

Ground 

13-5 

242 

6.78 

7.88 

37-8 

32.2 


31 . 5 


Altitude 

13-8 

148 

4.30 

5.52 

36.3 

27.9 


30.8 

303 

Ground 

14. 1 

176 

7.69 

8.94 

23.6 

20.1 




Altitude 

13-6 

IS6 

6.34 

8.15 

25.7 

19.7 



305 

Ground 

14.2 

255 

9-54 

II, ro 

27.7 

23.9 




Altitude 

14.0 

220 

7-95 

10.22 

28.9 

22.3 



307 

Ground 

11.8 

209 

7.16 

8.33 

30.6 

25.8 




Altitude 

14.8 

17 s 

6.31 

8.11 

29.0 

22.3 



Aver- 

Ground 

13-7 

242 

7-97 

9.27 

32.1 

27.4 

30.3 

31.4 

age 

Altitude 

13-4 

192 

5.96 

7.67 

34.4 

26.4 

28.6 

30.8 

Mean difference 









& S. E 

—0.3 

-50 

—2.01 

—1.60 

-{-2.3±o.8 

— I.OricO.d 

-i.7±o.5 

—0.6 

Percentage dif- 









ference 

—2 

—21 

-25 

-17 

+7 

-4 

—6 

—2 

P value’ 





.01-. 02 

.I-.2 

.001-. 01 



1 Volumes corrected to standard conditions; o°C., 760 or 226 mm. Hg pressure, drj^. 

2 Volumes corrected to exhaled conditions; 32.2°C, 760 or 226 mm. Hg pressure, 80% saturated. 
5 P designates the probability, as determined by Fisher’s t test, that the differences between uie 

experimental and control values are arrived at by chance. 
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at altitude also markedly slowed his respirations. The average respiratory rate was 
not significantly altered at altitude, but this mean value does not faithfull}" indicate 
the individual responses, for all e.vcept 2 subjects either increased or decreased their 
respiratory rates at altitude compared to their respective ground Ie%"el values. 

The minute volumes consistently decreased at altitude, the magnitude of the 
decrease depending upon whether or not the volumes were corrected to dry or to 
exhaled conditions. The mean dry volume (STPaD) decreased at altitude more 
than did the mean water loss (25% compared to 21% decrease). This resulted in 
an increase at altitude in the mean vapor pressure calculated from this drj' volume, 
the increase averaging 2.3 mm. Hg, range —1.5 to +10.5. Individually, 12 subjects 
showed this increase at altitude. On the other hand, the decrease at altitude in the 
mean minute volume corrected to exhaled conditions was smaller than the decrease 
in mean minute water loss (17% compared to 21%), so that the mean exhaled vapor 
pressure was therefore lower than at ground level. Five subjects out of the group 


Table 2. Respiratory water vapor breathing o.xygen and oxYGEN-iN-uELitrir mi.xtgres 

ifean rallies of f resling subjects at [round lerel. 




2 

: 3 

illKUTE 

VOLCMES 

VAPOR PRESSURES 

EXHALED AIR 
TEirrERATCRE 


srsr./ism. 

S 

te 

U 3 

1 

STPD*! 
corrcc-j 
tiOQ j 

! 

Ex* 1 
halcd^ ; 
correc- 
tion 1 

FromSTPD 
voL ■ 

From exhaled 
vol. 

From dew 
points’ 



mg. 

i. 

i. 

mm. Ug 

mm. Ug 

mm. Hg 

‘C. 

0,xygen 


288 

8.2I 

g.O, 

36.8 

31-4 

31.9 

32.3 

He-f Oi.. 
DiCfcrencc 

: 3-8 I 

26oj 

] 

8.0 

9,2 

1 

35-9 

30.6 

32.3 

32.0 

and S. E . 
P value. . . 

.1 — .2 

—19: 

—0.2 

-0.4I 
1 ! 

— 0.9 ± 0.6 
.1 — .2 

— 0.8 ziz 0.5 
.1 — .2 

-fo.4 ziz O.I 
.001 — .01 

—0.3 ± 0.7 
.6 - ,7 


* Volumes corrected to standard conditions: o'C, 760 mm. Hg, dry. " Volumes corrected 
to exhaled conditions; 32.2°C, 7C0 mm. Hg, So% saturated. ’These means are computed from 
the average values of 24 subjects. 


had a higher exhaled vapor pressure at altitude, and one was unchanged. The mean 
decrease was corroborated b}' the vapor pressures determined from the dew points, 
which were consistently and significantly lower at altitude, as indicated by the small 
P value for the mean difference of —1.7 mm. Hg. 

DensUy Changes. In an effort to isolate the influence of densiu- alone, S sub- 
jects were tested at ground level, comparing breathing ico per cent o.xygen with 
breathing a lighter Hc-O; mixture. The absolute density of 23 per cent oxygen in 
77 per cent helium approximates tliat of 100 per cent oxygen at 30,000 feet pressure- 
altitude. Breathing this gas mixture at ground level therefore simulated the de- 
creased density found at 30,000 feet without the other physical and psychological 
effects of an altitude chamber ‘flight.’ To prevent possible bias in the results due 
to the influence of the first gas on the response to the second, the order of testing wtis 
alternated. 

The results are shoam in table 2. The calculated mean vapor pressures were 
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not significantly altered when breathing the lighter gas mixture. Six of 8 subjects 
increased their respiratory rate when breathing He-Oj, in agreement with the results 
of Specht (13), but the group increase was not significant. Dew point determinations 
of 24 subjects tested under the same conditions showed a small but statistically 
significant increase of 0.4 mm. Hg. The dew point was more difficult to read when 
the subject was breathing the lighter mixture, due to wider fluctuations between 
inspiration and expiration. 

Temperature Changes. Thermocouple measurements at the nostrils of exhaled 
gas temperatures at ground level and altitude are included in table i, and when 

Table 3. Correlation coefficients calculated from respiratory data of table i 


All TCpor pressures and volumes based on STPD cerreclions, 1$ subjects at rest hreolhin% oxygen 


VAHIABLrS 

r 

V 

Ground Level 

Rate of HjO loss 



Minute Vol 

+ .Si 

< .001 

Tidal Vol 

+ .46 

.05 -.1 

Resp. rate 

+ .29 

.2 -.3 

Vapor Press 

+ •42 

.1 -.2 

Vapor pressure, calculated 



Minute Vol 

-.18 

.5 -.6 

Tidal Vol 

+ .30 

.2 -.3 

Resp. rate 

I 

.1 -.2 


Differences between Ground and Altitude Values 


Rate of H »0 loss 

Minute Vol 

Tidal Vol 

+ .69 

+ .3S 

-.09 

+ .52 

.OOI-.OI 

. I -.2 

Resp. rate 

.7 ”.8 

Vapor Press 

.02 -.05 

Vapor pressure, calculated 

Minute Vol 

-13 

.6 -.7 

Tidal Vol 

+ •35 

.1 -.2 

Resp. rate 

-.46 

.05 -.r 



' 


breathing osygen and He-02 in table 2. They show no significant difference under 
our e^erimental conditions. The mean value of 32.2°C. used in the exhaled volume 
corrections is approximately one degree lower than that reported by Burch (14) for 
exhaled air. 

Respiratory Rate Changes. Inspection of the individual results found at altitude 
suggested the possibility that changes in rate of respiration between ground and 
altitude might account for the alterations in water loss. In order to evaluate this 
possibility, correlation coefladents have been calculated from the data of table i 
and are presented in table 3. Two groups of correlations are shown. The first 
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indicates directly the relationship between water loss , (expressed either as rate or as 
vapor pressure) and minute volume or its components, tidal volume and respiratory 
rate. Our data exhibit the usual high correlation found by others (6, 7) between 
rate of water loss and ventilation: r = +.81; P = <,001. Vapor pressure, however, 
does not correlate well with any of the other variables tested. 

The second group of correlation coefficients was computed from the differences 
between ground level and altitude values. Again the rate of water loss is directly 
related to ventilation (r = +.69; P = .001-01) and, in addition, it correlates sig- 
nificantly with the vapor pressure (r = -+-.52; P = .02-05). the direct 

comparisons and the comparison of ground-altitude differences, the r values indicate 
that there is a greater probability (smaller P value) that vapor pressure correlates 
with respiratory rate than with either minute or tidal volume. 

The effect of respiratory rate changes on the vapor pressure was tested experi- 
mentally. The 8 subjects breathing oxygen and He-Oj were immediately retested 
while breathing each gas at approximately the same rate they had just used for the 
other gas. No clear-cut correlation was found between voluntary respiratory rate 
changes and vapor pressures when breathing either gas. These results were contrary 
to e.xpectation and may be due to the fact that the change in respirator}'- rate was 
too small to be effective. 


DISCUSSION 

Obsen’ations on insensible water loss in the mountains and in a decompression 
chamber were made 45 years ago by Foa (15), who concluded that both lung and 
skin water loss are decreased at low barometric pressures. Guillemard and Moog 
(5) came to the same conclusions from mountain e.xpcriments. Schrottcr and Zuntz, 
quoted by Guillemard and Moog, reported this effect in two balloon ascensions. 
These early reports were based on results obtained under uncontrolled e.xperimental 
conditions of variable inspired temperature and humidit}', using only a few subjects. 

The effect of reduced barometric pressure on the physical characteristics of 
gases is undoubtedly a factor influencing lung evaporation At altitude the decreased 
heat capacity of gas within the alveolar space would take proportionately less heat 
from the surrounding tissues so that the tissue fluid would be somewhat warmer and 
would be expected to induce a higher vapor tension tlian at ground level. At the 
same time lieat conductivity of the gas is reduced, and warming of the alveolar gas 
to a given temperature would be somewhat delayed. Our failure to fmd differences 
in c.vhaled gas temperatures between ground and altitude seems to favor the effec- 
tiveness of factom influencing time of equilibrium attainment. In the case of 
He-0,: inhalation, which has a greater heat conductivity than does 0*, tliere was 
also no demonstrable difference in exhaled gas temperature. The dew point meas- 
urements of aqueous vapor tensions at altitude and when breathing He-Oi furtlier 
substantiate this h}pothesis. However, interpretations of actual e.xperimenta! 
results in terms of physical variants arc unwarranted because of the concomitant 
physiological changes. 

The aqueous ^apor pressure calculated from the graWmetric data rep.'-csents 
the mean of several partial pressures, those of the ’carious portions of the dtesd space 
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gas as well as that of tlie alveolar gas. The value of this average depends upon the 
magnitude of the individual partial pressures, and tlie ratio of dead space volume 
to alveolar volume. The exlialed vapor pressures calculated from the gravimetric 
data were usually found to be smaller than those calculated from the dew point data. 
This was to be expected, since the recorded dew point was the highest observed during 
exhalation, and thus would approach the maximum to be fotmd in the breath. 
This discrepancy between the two values for exhaled air vapor pressures indicates 
that the dead space gas and probabl}’’ some of the alveolar gas is at a lower vapor 
tension than the maximum measured by the dew point. The hypothetical aqueous 
vapor pressure of the admixed dead space gas whose volume has been computed 
from the mean ground level values of table i would be 24.6 mm. Hg in order to 
arrive at the mean value of 2S.4 mm. Hg that we found. This computation assumes 
that the dew point figure represents accurately the vapor pressure of all the alveolar 
gas contained in the exhalation. This is probably not the case because of technical 
limitations and non-homogeneity of the gas from the alveolar spaces. It seems 
reasonable that tlie dead space gas would have a lower aqueous partial pressure, 
since at least some portion of it is the last gas to be inspired and the first to be ex- 
haled, and so has a shorter exposure to evaporative surfaces, as well as a smaller 
surface-volume ratio than that of the deeper lung gases. 

WTien our values from table i for ground level respiration are expressed as 
Burch (16) does his, we find a mean water loss from the lungs of 1.330 gm/ 10 min/m.® 
body surface, as compared to his figure of 0.878 gm. Since Burch’s subjects were 
breathing room air, he deducted the inspired water content so that his value for 
water contributed by the subject is lower than ours. In our experiments, the total 
exhaled water represents an expenditure of energy by the body for evaporation 
from the respiratory surfaces. Benedict’s subjects breathed dry oiiygen, and our 
values are within the range that he reports (2). 

From the results we had obtained previously (17) on 6 subjects exercising at 
ground level and simulated altitude, it was impossible to draw a conclusion regarding 
the effect of altitude on the output of respired water vapor. Present data obtained 
on resting subjects indicate that each dry liter of gas carries away from the lungs 
slightly more moisture at simulated altitude than at ground level. In terms of 
physiological volume, i.e, wet, there is, by contrast, less moisture per unit volume at 
altitude than at ground level in the exhaled air. This is confirmed by vapor pres- 
sures calculated from the dew point data independently by volume measurements 
which have been pointed out as suspect because they involve an arbitrary assumption 
regarding the very factor being examined. 

Calculations of the correlation coefficients indicate that whereas water loss from 
the lungs per unit time is directly dependent upon the ventilation, the aqueous 
vapor pressure is more closely allied in an inverse manner with the rate of respiration 
than it is with tidal or minute volumes. Although this correlation is statistically 
not quite significant in our experiments, other investigators (7, 9) have shown that, 
at ground level, a rise in vapor pressure of exhaled air occurs with slowing of the 
rate, presumably because there is more time to approach saturation. Apparently, 
the slowing must be extreme to produce this result, or at least greater than our series 
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average. In individual cases where marked slowing occurred an increase in vapor 
pressure is apparent. This was most marked, for example, in subject 18 (table i), 
wlio slowed his respiration without great change in tidal volume, and increased the 
amount of water lost per minute from his lungs at altitude. 

If we assume that rale is more important in determining the magnitude of the 
mean aqueous vapor pressure of an exhalation than is the tidal volume, which our 
data suggest, then we may suppose that the length of exposure to the evaporating 
surfaces is more critical than the amount of gas taken into the lungs. Even though 
the vapor pressures of alveolar and dead space gases differ, this difference must be 
relatively uncritical in determining the average vapor pressure of the total respiration 
since there is no demonstrable correlation with tidal volume. It would be interesting 
to determine whether or not the maximum vapor pressure, as measured by the dew 
point apparatus, is correlated with the tidal volume. 

Since rate of breathing is partially effective in determining the water output 
from the lungs, we were interested in computing the h>q 50 thetical time required to 
reach an equilibrium value at reasonably high saturation as classically assumed in 
respiration literature. If the lung volume is assumed to be a layer spread uniformly 
over the total area of the lungs as a flat surface, a value for the thickness of this layer 
may be calculated: 2.75 X 10’ cmV7.5 X 10® cm.- = 3.66 X io~® cm., or nearly 0.04 
mm. This is a reasonable approximation of the radius of the alveolar passages. If 
we use this analogy for an approximation of the time required to saturate the inhaled 
volume, and witli the further assumptions that the inhaled volume is instantaneously 
added, that complete mixing occurs, and that this volume represents a limiting case of 
the conditions set up for the usual diffusion formula given b}'' Hober (18), we may 
compute an equilibrium time. Setting the concentration maximum at about 90 
per cent, conservatively, to allow for tlie effects of reflection by a limiting barrier 
actually present in the tubular character of the lung surfaces, a ma.ximum \'alue for 
time of equilibrium of 1.16 X io~* seconds may be obtained. The order of magnitude 
of this value is so much smaller than that of the time values which are shown to be 
critical in saturation of the breatli, as experimentally obser\^ed in our data, that a 
rc-exammalion of the assumptions currently prevalent regarding the phj'sical aspects 
of lung ventilation is indicated. 


SUiQlARV 

The vapor pressures of e.\'halcd gas have been calculated from gravimetric data 
and from dew point measurements. Fifteen subjects at rest breathing oxv'gen have 
been tested at ground level and at a pressure-altitude of 30,000 feet. 

.‘U altitude the decrease in gas volumes corrected to axhaled conditions was 
api)roximatcly the same as the decrease in rate of water loss, so that the computed 
vapor pressures did not significantly diange from ground level to altitude. The 
concomitantly measured dew points of exhaled gas showed at altitude a statistically 
.significant decrease in va])or pressure of almost 2 mm. Hg. When corrected to 
standard conditions (O'C., dn*, ambient pressure), the respired volumes decreased 
proportionately more than did the water output, so that the calculated mean vapor 
pressure at altitude was approximately 3 mm. Hg higher than at ground level. 
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Correlation coefficients suggest that respiratory rate changes are more im- 
portant in determining aqueous vapor pressures than are tidal and minute volumes. 

The authors gratefullv acknowledge the cooperation of the following colleagues who served as 
subjects and assisted in the altitude tests; Howard F. Brubach, Norman Smith, Loyal Goff, William 
Platt, Betty H. Spicknall, W. J. Bowen, Falconer Smith and P. D. Altland. We also appreciate the 
advice of Jerome Cornfield and Max Zellc on the statistical treatment 
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INFLUENCE OF DEAFFERENTATION ON STIMULATION 

OF MOTOR CORTEX! 
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G ELLHORN’S studies of the effect of limb posture (i) and especially of fix- 
ation of joints (2) on the electrom3mgraphic (EMG) response to stimula- 
tion of the motor cortex reveal a considerable influence of proprioceptive 
reflexes on cortically induced movements. The magnitude of these effects of both 
passive stretch and active tension prompted an investigation into the question of the 
relative contribution to muscle response of proprioceptively induced reflexes and of 
the efferent impulses originating in motor cortex. The EMG and tension responses 
to cortical stimulation were therefore studied before and after section of the poste- 
rior roots to the limb. 

METHODS 

Cats were anesthetized with Dial-urethane (Ciba), 0,45 cc/kg. intraperitoncaily and the motor 
cortc.x was exposed for stimulation with condenser discharges (Goodwin stimulator). The tibialis 
anticus and gastrocnemius muscles were used in all experiments. The copper wire recording elec- 
trodes were sewn about r cm. apart in the muscles for leading off Elcctromyograms (EMGs) which 
after suitable amplification were recorded with an Offner ink-writing ciystograph. A torsion spring 
myograph was used for recording tension developed in tibialis (and in a few cases gastrocnemius) 
during isometric contractions. Tlie spinal cord was c.xposcd from L4 to S3, the dura reflected, and 
threads placed under the dorsal roots L5 to SC for subsequent deafferentation by ligation. 

RESULTS 

Effects of Gradating Cortical Stimulation. SHght increases in intensity or fre- 
quenej’’ of motor cortex stimulus result in increased amplitude of the EMG and in 
increased tension of the muscle by increasing the number and frequency' of discharg- 
ing units (3). These gradations in muscle responses are seen to persist after posterior 
root section, indicating that tlie motor cortex is not entirely dependent on proprio- 
ceptive recruitment for elicitation of graduated responses. .A typical e.xperiment 
illustrating the effect of slight variations in cortical stimulation on the response of 
tibialis before and after deafferentation is given in figure i. The EMG developed 
in response to lower intensities of cortical stimulation (2.3-4.0 V) is similar before 
and after posterior root section with respect to lhre.shoId of response, summation 
time (decreased at 4.0 V and higher intensities) and amplitude.* Similar gradations 
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of EMG response obtainable after deafferentation are shown in figure 3 in which the 
reactions of both tibialis and gastrocnemius are illustrated. 

Experiments in which variations of frequency of cortical stimulation at a given 
intensity were studied also show that a graded EMG series can be obtained even 
after posterior root section. Frequencies from 20 to 90 per second were employed, 
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Fig. I. T1BIAI.1S EMG in re- 
sponse to series of motor cortex 
stimuli at 90/sec. A-E controls; 
A'-F' after deafferentation. A, A' 
2.3 volts, B, B' 3.3 V, C, C' 4-0 V, 
D, D' 4.8 V, E, E' 5.3 V, F' 6.3 V, 
vertical calibration 100 microvolts, 
horizontal cahbration i sec. in all 
figures. There was no response at 
A and A'. 
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Fig. 2. Effect of inixiai. 
LENGTH of tibialis on response to 
motor cortex stimulation before 
and after deafferentation. A-C, 
controls; A'-C' after deafferenta- 
tion, 4.8 V, 90/sec. A, A', C, C 
at resting length; B, B' 10 mm. be- 
yond resting length. D-E, con- 
trols at 5.5 V, 73/sec. D'-E' after 
deafferentation, 8.0 V, 73/sec. D, 
D' resting length, E, E' stretched 
10 mm 


Fig. 3. Co-contraction in 
GASTROCNEMIUS (G) with tibialis 
(T) response to motor cortex stim- 
ulation at 90/sec. A-C controls; 
A'-D' after deafferentation. A, 
A' 3.7 V, B, B' 4-0 V, C, C' 4-8 V 
D's-SV. 


the voltage being kept constant unless threshold changes resulted from the deaffer- 
entation. That such threshold changes did not reflect injury to the cord is suggested 
by the fact that the threshold actually fell in some experiments though it rose in 
others. In one frequency series, e.g., 7.3 V was used in the control experiments, 
whereas after deafferentation 6.3 V gave a similar response. 
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Maximal Responses io Cortical Sliimtlalion, With higher intensities of motor 
cortical stimulation, greater tensions and larger EMGs can be developed in the in- 
tact limb than are elicitable after deafferentation has eliminated proprioceptive re- 
cruitment. In table i are given Sgures for the tension dev^eloped by tibialis both 
before and after posterior root section; in each of the 4 experiments listed it can be 
seen that after its afferents had been severed the muscle failed to develop more than 
two thirds of the maximal control tension. In many of the experiments intensities 
of cortical stimulation higher than any used in the control series were tried after pos- 
terior root section, and even under the stronger cortical discharge resulting, the ten- 
sion did not increase further. 

That these tension differences are reflected (though in a less easily quantitated 
way) in the EMG can be seen in the experiments of figmre i and flgure 3. In the 
former, although as was seen earlier the threshold was xmchanged by deaflfcrentation 


Table i. Tension developed in tibialis in response to varying intensities of 

MOTOR cortex STIMUIJVTION BEFORE AND AFTER POSTERIOR ROOT SECTION (LS-S 3 ) 


Kxrr. 

VOLTAGE 

TENSION* 
DE\TLOPED, CM. 

ZXVT, 

VOLTAGE 

TENSION 
DE\XLOPEO, CM. 

Control 


Control 

Dcaficr- 

enled 

S 6 R (fig. 1) 

2.3 

0 

0 

SpR 

3.6 

52 

0 

Frequenejf 90/scc. 

3-3 

92 

70 

Frequenej’ So/scc. 

4.3 

II2 

62 


4.0 

140 

X40 


S -3 

X32 

92 


4.8 

220 

126 


6.3 

126 

92 


S-S 

260 

1 16 






6-3 


120 

86 L 

3-3 

0 

32 





Frequency 90/scc. 

4.0 

160 

30 

(fiE- 3) 

3-7 

336 

90 


4.8 

170 

So 

Frequency 90/scc, 

4.0 

390 

276 


5 -S 

176 

go 


4 < 8 

470 

270 


6.3 

IS2 

104 


s-s 


270 


7-3 

192 

120 






8.0 


116 


and the responses at low cortical intensities were very similar witli and without af- 
ferents intact, at higher voltages the EMG did not attain the amplitude after deaf- 
ferentalion which was seen in tlie control series. Figure 3 shows the same diminu- 
tion in amplitude of EMG after posterior root section in response to higher intensi- 
ties of motor cortical stimulation. The slight rise in threshold in tin's e.xperiment 
(suggested by the similarity of response at 4.8 V after deafferentation and 3.7 V' be- 
fore) is not great enough to explain the small response of the deafferentialcd muscle 
to 5.5 V cortical stimulation, a response whidi shows no increase over that obtained 
with 4.S V. 

It is thus seen that both EMG and developed tension show graduated responses 
to slight increases in intensity of motor cortc.x stimulation even after posterior root 
section, but that at higher intensities (where, in the limb witli afferents intact, pro- 
prioceptive recruitment would play a rAle since considerable tension would be devel- 
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oped under the isometric conditions of the experiment) neither tension nor EMG 
attains the magnitude of the control responses at the corresponding voltages, 

E^ect of Varying Initial Length of Muscle. Increasing the initial length of a mus- 
cle (tibialis anticus) results in an increase in both EMG and tension developed in 
response to motor cortex stimulation (3). After posterior root section the EMG 
response is constant whether the muscle is stretched or slack, while the tension still 
increases with an increased initial length. In figure 2 are illustrated two such ex- 
periments in both of which the amplitude of EMG response when the tibialis is 
stretched beyond resting length is seen to be about twice that obtained when the 
muscle is initially at resting length (slack). In both experiments also the summa- 
tion time is much shorter when the muscle is stretched, suggesting an interaction 
of proprioceptive impulses with impulses initiated by cortical stimulation. In the 
absence of proprioception, after deafferentation, the EMG response to cortical stim- 
ulation is seen to be independent of the initial length of the muscle with respect to 
summation time as well as amplitude, although the average summation time is re- 
duced after deafferentation. The tension is increased when the muscle is stretched 

Table 2. Tension developed in tibialis at dieeerent initial lengths in response 


TO STIMULATION OP MOTOR CORTEX BEFORE AND AFTER POSTERIOR SOOT SECTION 


1 

EXPT. 

IKITIAL IXNGTH 

TENSION DE^ 

Control 

SLOPED, CM. 

Deafferentcd 


Resting length 

mm 

38 


Stretched (- 4 - 10 mm) 


140 


Resting length 


32 

<5*2 

Resting length 


30 


Stretched (-tio mm) 


100 


(table 2) both before and after posterior root section. This latter result was to be 
expected from studies on the length-tension relation of isolated muscle. 

These examples suggest that the increased EMG response to cortical stimulation 
with increased initial length is dependent on the proprioceptive recruitment of ad- 
ditional motor units since it is absent after deafferentation; whereas the increased 
tension developed is related more directly to the increased initial length as it obtains 
even in the absence of proprioceptive recruitment. 

Co-contraction. Under conditions of strong cortical stimulation or propriocep- 
tive facilitation where considerable activity is seen in an agonist muscle (e.g,, tibialis) 
co-innervation (or co-contraction) appears in the antagonist (4). In many animals 
in which an EMG response appeared in the gastrocnemius in response to higher in- 
tensities of cortical stimulation of a site giving a good tibialis response, this response 
was greatly diminished or even absent after deafferentation. One such experiment 
is illustrated in figure 3 where after deafferentation the gastrocnemius response is 
much reduced in comparison with tibialis EMGs. (Compare, e.g., control at 4.0 V 
and deafferentation at 5.5 V.) In several cats tension of gastrocenemius was re- 
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corded; in each of these 
ment of small but measurable tensions ih controls, after deafferentation no detectable 
tension was produced by the gastrocnemius even in response to quite high intensities 
of cortical stimulation. These experiments suggest that co-contraction is in many 
cases chiefly of proprioceptive origin. In a few cases the response in gastrocnemius 
was as large after deafferentation as before; presumably here the cortical site stimu- 
lated was one which excited the gastrocnemius itself sufficiently to cause it to respond 
even in the absence of proprioceptive reflexes from the tibialis. 

DISCUSSION 

The study of the action of proprioceptive impulses on spinal reflexes of Cooper 
and Creed (5) has been extended by Gellhom (i) to a study of the effect of proprio- 
ception on cortically induced movements. In the present paper an attempt is made 
to separate the proprioceptive component of a muscle response from that due to im- 
pulses from the motor cortex. It has been seen that removal of proprioceptive im- 
pulses by appropriate posterior root section alters muscle response to motor cortex 
stimulation in the following ways: i. While at low intensities of cortical stimulation 
a graded response is noted in both EMG and developed tension parallel to that ob- 
tained before deafferentation, at high cortical intensities neither EMG nor developed 
tension attains the amplitude seen with afferents intact. Apparently increase in the 
nvunber of discharging motor units and increase in the rate of discharge result from 
stimulation of the motor cortex witli increased intensity or frequency even after de- 
afferentation. However, the maximal discharge attainable is reduced by the lack 
of proprioceptive recruitment. 2. Increasing the initial length of the muscle (wluch 
normally results in an increased EMG and tension response to a given cortical stim- 
ulus) after deafferentation is without effect on EMG, although still elidting an in- 
creased tension. These experiments confirm, under the conditions of deafferentation, 
the conclusion drawn in an earlier work (3) tliat the amplitude of the EMG is an 
indication of the size of the central discharge. 3. Co-contracrion as indicated by 
EMG is more markedly diminished by posterior root section than is the response of 
the agonist. 4. The effect of deafferentation upon the threshold response to cortical 
stimulation is minimal and variable as obser\'ed also by Sherrington (6). 

Cutaneous impulses are of minor importance in these responses, as indicated by 
the fact that fixation of the limb prevented appreciable stimulation of cutaneous 
receptors during the experiments, and that the same effects could be obtained after 
cutaneous innervation liad been removed by separating the skin of the leg from the 
underlying tissue. The effects of deafferentation enumerated above are therefore 
assumed to be due to the loss of proprioception, 

SUJnfARV 

Slight variations in intensity and frcquenc}' of motor cortex stimulation result 
in graded responses of skeletal muscles as indicated by tlic magnitude of EMG and 
developed tension in normal cats as well as after deafferentation, showing that the 
motor cortex is itself capable of eliciting graded responses independent of propriocep- 
tive recruitment. However, after deafferentation even maximal cortical stimulation 
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Lses, while' stronger cortical stimulation resulted in develop- 
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never induced the degree of tension nor the amplitude of EMG seen in control con- 
ditions. An initial stretch of a muscle causes an increased EMG and tension devel- 
oped in response to motor cortical stimulation compared to that developed with the 
muscle slack under control conditions; after deafferentation the EMG response is seen 
to be independent of initial length of the muscle whereas tension remains directly 
related to initial length. Deafferentation markedly diminishes a co-contraction 
seen in gastrocnemius in most cases, suggesting a largely proprioceptive origin for 
co-contraction. 
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CHARACTERISTICS OF TISSUE IMPEDANCE IN THE RAT 
UNDER CONDITIONS OF ELECTROCONVULSWE SHOCK 

STIMULATION' 


ROGER W. RUSSELL, JOHN F. PIERCE and JOHN C. TOWSEND- 

From ihc Department of Neurophysiology, Western State Psychiatric Institute and Clinic and 

University of Pittsburgh 

PITTSBintGir, PENNSYLVANIA 

ATTEMPTS to control the intensity of the electrical impulse during electro- 
convulsive shock therap}'^ have led to investigations of the nature of and 
Jl JLrole played by the impedance of the tissues through which the impulse flows. 
Some of these investigations (i) have indicated that d.c. resistance measurements 
are of little value in indicating true magnitudes of tissue impedance. Other studies 
(1-4) have employed low-intensity, high-frequency currents and have shown that, 
on application of the current, initial impedance drops instantaneously to a terminal 
value which is maintained throughout the remainder of the period of stimulation. 
The possibility has been suggested (5) that determinations of impedance employing 
low-intensity currents give high values which are not correlated with the resistance 
actually offered to the large shock currents necessary to induce convulsions. 

The present studies were designed to clarify two aspects of this impedance 
phenomenon when observed during passage of the electroconvulsive shock current; 
j) the relationships between the magnitude of the tissue impedance and the two 
variables, intensity of the electroconvulsive shock impulse and number of convulsive 
treatments, and 2) the relative significance of the resistive and reactive components 
contributing to the impedance. 


inSTHODS 

Two problems in measurement were presented. The magnitude of tissue im- 
pedance under operating electrocon\’Tilsive shock conditions had to be determined 
for a large number of subjects. This impedance had to be resolved into its resistive 
and reactive components, also under operating electrocon\mlsive shock conditions. 

Deter minalion of Magnitude of Tissue Impedance. The magnitude of Uie im- 
pedance was measured by the usual ammeter-voltmeter method. A known preset 
current delivered for constant periods of one second was supplied by the Pittsburgh 
Electroshock Unit (6); thus the current metering presented no particular problem. 
The voltage determination required a properly damped a.c. meter which would draw 
a negligible part of tlie total subject current. A Junior \*olt-Ohmv'St, used on the 
one hundred volt a.c. scale, satisfied these requirements. 
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Knowing the current and voltage, it was possible to determine the impedance 
by employing the relationship, familiar in research on a.c. circuits, Z = E/I, where 
Z may be a complex number, i.e., R d= jX. 

In order to determine what relationships, if any, existed between impedance and 
current intensity of the electroshock impulse and between impedance and the number 
of convulsions induced, two groups, each containing 25 animals, were subjected to a 
series of electroshock convulsions. Each animal was convulsed on 5 consecutive 
days, an interval of 24 hours between convulsions being held as constant as possible 
for each animal. Each group of animals was divided into 5 equal sub-groups. Each 
sub-group was convulsed with a different current intensity applied for a duration of 
one second. These intensities ranged from 15 to 35 ma. in steps of 5 ma. This 
range was selected on the basis of previous research which had indicated that, at the 
duration employed, sub-convulsive behavior appeared with .current intensities of less 



SWITCH 

Fig. 1. Block diagram showing the arrangement of equipment. 


than 15 ma. and the incidence of paralysis increased very significantly above 35.ima. 
Observations of the two groups of subjects were made independently of each other, 
the second series taking place several months following the first. 

The subjects were 50 male albino rats from the highly-inbred Sprague-Dawley 
colony and were all of approximately the same age and weight at the beginning of 
the research. The standardized procedure for controlling relevant variables while 
inducmg the convulsions has been described by Russell el al. (6). 

Analysis of Coviponents of Tissue Impedance, The next problem was to deter- 
mine the reactive component of this impedance, Z, under shock conditions usmg the 
60-cycle source frequency. The circuit employed is shown in figure i. This circuit 
makes use of the well-established fact that, in an a.c. circuit, current will lead the volt- 
age if a capacitive reactance is present and will lag voltage if an inductive reactance 
is present. No lead or lag will occur if only pure resistance is present. 

The important part of this system is the electronic switch. This instrument is 
composed of two separate square-wave generators with a common frequency control 
and sjmchronizer, and is capable of simultaneously reproducing two separate sine 
waves having a common reference point on an oscilloscope screen. A voltage wave 
proportional to and in phase with the current through Z may be obtained across a 
small noninductive resistor R'. The value of R' must be much lower than Z in 
order that the angle 0 or phase shift angle will not be affected. The value of R' in 
this circuit was five ohms. The voltage wave was obtained across Z R'. Using 
this apparatus arrangement, the minimum perceptible angle 6 was determined em- 
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pirically to be slightly less than two degrees. During the experimental observations 
the subjects were inserted in the circuit in place of the test impedance Z. 

This procedure for observing the relative contributions of resistive and reactive 
components to the total impedance was applied to each of a group of 37 male albino 
rats selected from the same colon})' and age group as those used in the preceding phase 
of the researdi. The same standardized procedure was followed for inducing the 
convulsions. A constant current of 20 ma. was used during all observations. 


Tabu; i. Relationships between impedance and current intensity tor eaoi op five 

SHOCK treatments 


TRKATinZNT 

itErucATio:; j 

.5 
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I 
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.494 

.703 


! 2' 

• 544 

•738 

2 

r 

•474 I 

.688 


2 

•523 i 

i 

.723 

3 

1 

t 

.481 

•693 


2 1 

1 

• 6 S 9 

.812 

4 

1 

.404 

.636 


2 

.265 

•51S 

5 

r 

.384 

.619 


3 




An (} of .364 is demanded at the i per cent level of confidence. 


Because of the ver}^ significant role whicli the obserx’^er assumed in this procedure 
4 obserx^ers simultaneously made independent obscrx'ations of the wave forms appear- 
ing on Uie oscilloscope during tlie administration of the electroshock impulse. Tlicre 
was complete agreement on the results of each of these observations. 

KESULTS 

Imlial Drop in Impedance. Obserx^ations of tlic magnitudes of tissue impedance 
during the passage of the electroconx’ulsive shock current provided evidence in 
support of the finding of oUier workers (3, 4) that an initial drop in impedance occurs 
on application of the stimulating current. This drop was revealed directly in a 
change of x'oltmetcr reading which always occurred at the beginning of the current 
application. The inertia of the x'oltmcter needle made obscrx’ations of the magni- 
tudes of tlicsc drops impossible since the rising course of the needle occupied the time 
of some portion of the impedance drop. Howex-er, the voltmeter needle in all cases 
reached a peak of its rising course and then dropped to a steady level consistentwith 
the terminal magnitude of the impedance during tlie p.assage of the conxmlsing 
current, indicating that an appreciable amount of time was required for tlie imped- 
ance to drop from its initial x-alue. 
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Relationship between Impedance and Intensity of Electroconmlsive Shock Impulse. 
The relationships between the magnitude of impedance and the intensity of the 
electroconvulsive shock impulse were calculated for each of the treatments and are 
expressed in terms of the correlation ratio e (7). Table i presents these ratios for 
each of the two experimental replications. The correlation ratios range in magnitude 



Fig. 2. Relationship between impedance and current intensity. 



Fig. 3. Relationship between impedance and number of shock treatments. 

from .515 to .812 and indicate the existence of a very substantial relationship 
between the variables correlated. 

Figure 2 represents this relationship graphically. It will be noted that the 
magnitude of the impedance diminishes S3rstematically as the intensity of the electro- 
convulsive shock impulse increases. An indication of the confidence which can be 
placed in the significance of this relationship can be obtained from an examination 
of the ^ column in table i. Under the conditions of the present study an e® of .364 
could be expected to occur by chance one per cent of the time (8) . Since the observed 
values in all cases but one (replication 2, treatment 4) exceed the value of e- at the 
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one-per cent point, the conclusion may be drawn with a high degree of confidence that 
the obtained correlations represent the existence of a true relationship. The dis- 
placement of the curves for the two reph'cations may be accounted for in tcrnls of 
the variation introduced by the use of different measuring instruments in the replica- 
tions. In any event, it is tlie similar shape of the cunres which is of importance in 
the present study, 

Rdaiionshif bchveen Impedance and Nwnber of Electroshock Convulsions. The 
relationship between impedance and the number of electroshock convulsions is shown 
in figure 3. The correlation ratios (e) for tlie first and second replications are .342 
and .424, respectively. The magnitudes of these ratios suggest definite though small 
relationships between the two variables, since they could be expected to occur by 
chance less than one per cent of the time. 

Components of Impedance wider Operating Elcctrocowmlsivc Shock Conditions. 
No phase shift between tlie voltage across and the current through the rat could be 
detected in any of the observations made. Since the minimuni detectable phase shift 
angle was known to be slightly less than two degrees, this means that more than 99 
per cent of tlic effective impedance of the rat measured under operating electrocon- 
vulsive shock conditions is pure resistance. , ’ 

SUMMARY 

The effective impedance of tissues to the flow of ciectroconvulsivc shock im- 
pulses shows the following characteristics: A very substantial relationsliip, in the 
direction of decreasing impedance ivith increasing impulse intensity, c.xists between 
the magnitude of the impedance and the intensity of the impulse; a definite but small 
cundlincar relationship exists between the magnitude of the impedance and the 
number of stimulations, impedance decreasing initially and then increasing as the 
number of stimulations increase; and effective tissue impedance under operating 
conditions of clectrocommlsive shock stimulation consists almost entirely of pure 
resistance. 


REFERENCES 

t. OFrKKR, F. Pm. Sac, Exper, Bio!. & Med. 49: 571, 1942. 

а. Fi.r.M:iNC, G, W. T. H., F. L. Golla aki> W. Grev Walter. Lame! 2; 7353, 1939. 

3. Goixa, F. L., W. Grey Walter ald G. W. T. H. Flkui.vc. Proc. Roy. Sec. M td. 33: 261, 1940. 

4. LowENBACn, H. AND J. E. Morgan, J. Lab. & Clin, 2S; 1195, 1943. 

5. Plessct, M. S. Prac.Sac. Exper. Biol. & Med. 4 ^-. 

б. Russell, R. W., J, F. Pnu:cE, W. M. Roiirer and J. C. TowNSEfU). J. Psychol. 26; 71, 7948, 

7. Kelly, T. L. Ptoc. Nai. Acad. .Sc. 21: 554, 7035. 

8. Peters, C. L. and W. R. VanVooriii?. Sfalislscd Procedures and Their Malhemalkd Bases. 
New YotV:: McG raw - 11551 , 7940. 



RELATION BETWEEN BRAIN .AND PLASMA ELECTRO- 
LYTES AND ELECTROSHOCK SEIZURE THRESHOLDS 
IN ADRENALECTOMIZED RATS‘ 

\aRGINIA D. DAVENPORT 

From tile Department of Physiology, University of Utah College of Medicine 

SAXT LAKE CITY, TJTAK 

T he favorable effect of desoxycorticosterone therapy in certain cases of 
epilepsy, described by McQuarrie, Anderson, and Ziegler (i, 2), suggests 
that alterations in electrolyte balance may be a factor in precipitating grand 
mal seizures. Evidence that brain excitability may be increased by extracellular 
electrolyte depletion has been presented by Swinyard (3), who found a positive corre- 
lation between extracellular sodium concentration and electroshock seizure threshold 
in experimentally hydrated rats. In normal rats, Woodbury and Davenport (4) 
observed an elevation in electroshock threshold after the intraperitoneal injection of 
isotonic solutions of NaCl or CaCl2 or after chronic treatment with desoxycorticos- 
terone; conversely, a fall in threshold occurred after the intraperitoneal injection of 
isotonic solutions of KCl or MgClo. Since the adrenalectomized rat not given sup- 
portive treatment is known to show changes in plasma and muscle electrolyte concen- 
trations (5-6), the work presented here was undertaken to investigate the relation- 
ship of electrolyte alterations in adrenalectomized rats to cerebral excitability as 
measured by seizure threshold. \ 


METHODS 

Sprague-Dawley male rats weighing approximately 160 gm. were adrenalectomized and were 
allowed to drink 0.9 per cent NaCl solution until they weighed at least 200 gm. Only those rats 
which responded by a prompt loss of weight to deprivation of this source of extra Na were used, after 
a recovery period on 0.9 per cent NaCl solution, for the studies reported here. Normal rats of the 
same age as the adrenalectomized ones were used as controls for electrolyte analyses. All were given 
free access at all times to a stock diet consisting of a commercial calf meal* to which were added 3 per 
cent brewer’s yeast and 3 per cent wheat germ. 

The salts listed in tables i and 2 were administered to the adrenalectomized rats by allowing 
the animals to drink the appropriate isotonic solution ad libitim for the number of days indicated. 
A single dose of desoxycorticosterone acetate* (DCA) in i ml. of sesame oil was given by subcutaneous 
injection. This dose of sesame oil itself has no effect upon the electroshock threshold. 

The electroshock seizure thresholds were determined by a method already described (8). An 
interval of 4 hours or longer was allowed between shocks, and whenever possible the rats were not 
shocked on more than 3 consecutive days. The tlireshold is the smallest amount of current which. 
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applied for 0,2 second, produces a detectable clonic seizure. Its value, exjnessed in niillianipcrcs 
(mA) is nearly constant from day to day but increases slowly wth age (9). 

Blood for chemical analysis was obtained by heart puncture of the unanCsthetized rats, using 
heparin as an anticoagulant. The animals were then decapitated, tlic brains removed, and the 
cerebral cortices separated from the major portion of the white matter. Blood or brain samples of 
3 to 6 rats were pooled. Plasma was separated under oil. Water content was determined by 
drying the pooled brain samples and weighed aliquots of plasma to constant weight at ios°C. Chlo- 
ride was determined in plasma by the method of Van Slyke and Sendroy (10) and in brain by the 
same method, using the Sunderman and Williams (n) technique of alkaline digestion. Plasma was 
analyzed for calcium by the Clark and Collip (12) modification of the method of Kramer and TisdalJ 
(13). A slightly modified Perkin-EImer flame photometer (Model saA) was used for the determina- 
tion of sodium and potassium in ashed brain and plasma. The material was prepared for analysis 
by the method of Hald (14). 

Blood for sugar determination was freshly drawn by cardiac puncture and analyzed by tl>c 
method of Hagedorn and Jensen (15). 

RESULTS 

A preliminary e.vpcrimcnt, the results of whidi arc sliown in figure 1, suggested 
that the electroshock seizure thrcsliold of the rat may be correlated with the clcctro- 


Fig. 1. Upper curves: average 
bod}’ weight in gr.-ims. Middle 
airres: average electroshock 

threshold (EST) in mil!iami)crcs. 
BoUom bars: presence of 0.9% 
NaCI in drinking water. 



]}’tc balance. Adrcnalectomizcd rats maintained on 0.9 per cent NaCJ solution 
showed only slightly lower thresholds than before opcratioji. Removal of NaCl from 
the drinking water resulted in an abrupt drop in tlrrcshold. After 4 days, when tJic 
threshold had fallen b\’’ at least 20 per cent, the restoration of 0.9 per cent NaCI solu- 
tion or the injection of DCA brougiit the threshold back to the control level within 
24 hours. In fact, the larger dose of DCA (10 mg/rat) raised it sh'gbtly but signifi- 
cantly above Uie control level for about 48 hours. This experiment was repeated on 
10 larger rats with similar results. 

Table r summarizes the electroshock threshold changes which resulted v/hen 
adrenalectonuzed rats were deprived of 0.9 per cent XaCI solution and were given 
water or other salt solutions to drink- In all eases there was a mean wciglit loss of 
8 to 10 gm/rat/day. There was a sharp drop in thrcsliold when water %vas substi- 
tuted for NaCI solution, and a somewhat more abrupt fall v/hen isotonic KCl or 
MgCI; solution was substituted. Replacement of NaCI by isotonic CaCl; solution 
Isad little cS'cct on the threshold after the first day, in spite of the steady v, 'eight loss 
01 i!ie animals. 'Hie percentage of rats s’urviving after 4 daj’S on CaCl* was greater 
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than that surviving after 4 days on water, 3 days on MgCla or 2 days on KCl solution. 
In all cases tliere was a prompt return of the electroshock threshold to its original 
level or higher when NaCl was restored. This original level was approximately the 
same as that of normal rats of the same age. 

Table 2 shows the results of analyses of plasma and brain cortex for water and 
electrolytes. In no case was the plasma or brain water content significantly different 
from normal. The brains of adrenalectomized rats, comparable to those of animals 
showing the maAed electroshock threshold changes indicated in table i, were normal 
with respect to Cl, Na,. and K concentrations. The only significant change in plasma 


Table i. Electroshock thresholds of adrenalectomized rats 


NaCl COKTROt, PERIOD 

1 

NaCl WTHDRAWAI. PERIOD 

NaCl RECOVERY PERIOD, 

2*4 HRS. 

No. of rats 

ESrt.mA. 

Treat- 

ment 

Days 

No. sur- 
viving 

EST mA. 

No. sur- 
viving 

EST mA. 

13 

, . 1 

i 8 . 4 ±o.s 

HjO 

I 

n 







2 


*IS. 2 ±O.S 






3 

12 





1 


4 

II 

*i 4 .idbo .4 

9 

i8.8±o.4 

II 

20 .S± 0.2 

CaCh 

I 

11 

*i8.8±o.3 






2 

II 

19.9^0.2 






3 

10 







4 

10 

20.4±o.4 

10 

20 . 6 ±o .4 

13 

i 8 . 4 ±o ,4 

MgCh 

1 

13 







2 

13 

*i 4 . 7 ±o.s 



j 

1 



3 

1 

; 8 

*I 3 .S±o .8 

8 

i9.i±o.4 

- 13 ! 

2 O. 0 ±O.S 

KCl 

1 

I 

13 

♦i5.4±o.7 



t 



2 

9 

*i4.7±o.5 

8 

20.4io.s 


* Significantly different from control value. P = o.oi or less, 
t EST = electroshock threshold. 


chloride was the lower than normal concentration in the adrenalectomized rats after 
4 days on plain water. Plasma K was elevated by 31 per cent in adrenalectomized 
rats. on.NaCl solution and by 67 to 75 per cent in the other cases. Plasma Na con- 
centration was normal in adrenalectomized rats maintained on NaCl solution. It 
was depressed to a highly significant extent in adrenalectomized rats on water, KCl 
or LIgCU solution, but was lowered in the rats on CaCh only enough to be statistically 
significant. The plasma Na concentration of the adrenalectonaized rats on CaCb was 
significantly liigher than that of similar animals on water. 

Wlien the adrenalectomized rats were deprived of the supportive effect of extra 
NaCl they showed the expected progressive loss of appetite. This was reflected in 
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the blood sugar levels. As compared with a control (XaCl) blood sugar level of 118 
mg. per cent, 16 adrenalectomized rats after 4 days on CaCb had a mean level of 
88 mg. per cent and 6 adrenalectomized rats after 4 days on water had a mean level 
of 92 mg. per cent. 

DISCUSSION 

I The brain of the adrenalectomized rat appears to have a striking ability to 
preserve its normal content of Na and K under conditions which result in marked 
changes in the plasma levels of these cations. The apparent disagreement of this 
finding with a recent report by Hoagland and Stone (16) of increased brain K in 
adrenalectomized rats may probably be explained on the basis of teclmique. These 
investigators found a greater intensity of radioactivity in the brains of adrenalecto- 
mized rats than in those of normal rats 36 hours after the injection of radioactive 
potassium, K'^-. Woodbury (17) has found that 48 hours after the injection of K'*- 
the normal rat brain is continuing to take up K''- from the plasma. The results 
obtained by Hoagland and Stone may therefore indicate a more rapid turnover of K 
rather than an increase in total brain K in the adrenalectomized rat. The data pre- 
sented here show no change in brain Na when the plasma Na has fallen by about 9 per 
cent, and no change in brain K when the plasma concentration has risen by 75 per 
cent. In this respect, the brain of adrenalectomized rats is comparable to the liver 
tissue (7) and contrasts markedly with skeletal muscle (5-7) which manifests elec- 
trolyte changes similar to those of plasma. Woodbury and Davenport (4) have 
found a similar constancy of rat brain electrolyte under conditions of increased plasma 
Na and low plasma K concentrations. 

It is apparent that dianges in the electroshock seizure threshold observed in 
adrenalectomized rats are not the result of changes in brain water, Cl, Na, or K con- 
centrations, nor are they correlated with any change in plasma water, Cl, or Ca con- 
centrations. The possibility that they are correlated with the blood sugar level is 
excluded by the finding of similar blood sugar concentrations in adrenalectomized 
rats after 4 days on water, when the threshold was lowered by 23 per cent, and in those 
after 4 days on CaCb, when the threshold was normal. The elevated plasma K in 
all the adrenalectomized rats, especially in those rats on CaCh, indicates that changes 
in the plasma level of this ion exerted no effect on the electroshock threshold. There 
is, however, a correlation between plasma Na level and electroshock threshold. 
Apparently, if the plasma Na concentration falls below about 139 mEq/ 1 . there is a 
corresponding drop in threshold, indicating an increased excitability of the central 
nervous system. 


SUMMARY 

Adrenalectomized rats maintained on 0.9 per cent NaCl solution have approxi- 
mately normal electroshock seizure thresholds. On plain water they show a prompt 
fall in electroshock threshold which is quickly reversed by replacement of NaCI or 
by the injection of desoxycorticosterone. Substitution of isotonic KCl or MgCh 
solution for NaCl solution results in an abrupt fall in electroshock threshold, but on 
isotonic CaCb the adrenalectomized rats are able to maintain normal brain excita- 
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bility for 4 days. In ali these circumstances, the adrenalectomized rats have normal 
brain concentrations of water, Cl, Na, and K. 

The blood plasma of adrenalectomized rats contains normal concentrations of 
water and Ca and increased concentrations of K in all cases. The plasma Cl con- 
centration is normal in all except the animals drinking plain water. Tlie plasma Na 
concentration is normal in adrenalectomized rats maintained on NaCl solution, slightly 
decreased in rats on isotonic CaCb and decreased to a highly significant extent in rats 
on water or KCl or MgCIj solutions. 

It is concluded that the electroshock seizure threshold of the adrenalectomized 
rat is directly correlated with the plasma sodium level. 
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SURVIVAL TIME OF REFRIGERATED MAMMALIAN MUSCLE 
AND NERVE AFTER SOMATIC DEATH 

TORALD SOLLMANN and JOSfi J. ESTABLE^ 

From ihc Laboratory of Pharmacology, School of Medicine, Western Reserve University 

CLEraiAND, OHIO 

A PREVIOUS communication (i) reported that frog skeletal muscles, when 
kept immersed in a dextrose Ringer’s solution near o°C., preserved their 
excitability to direct faradic stimulation practically undiminished for an 
average of ii days, and became inexcitable in 15 days on the average, though some- 
times not till 29 days. Response to nerve stimulation also remained practically 
undiminished for an average of 7^ days, and was extinguished in 125 days on the 
average, sometimes not till 17 days. Contralateral spinal reflexes began to weaken 
in II to 14 days and were abolished in ii to 17 days. 

It appeared interesting to determine the survival time of mammalian skeletal 
muscle under similar conditions, especially with a view to the possibilit}'’ of the sur- 
gical re-implantation of refrigerated amputation tissue. Carrel (2) reported success- 
ful union of the amputated leg in the dog by immediate vessel suture, with survival 
of 8 months, as long as the animal was observed. Blackmore, Lord and Stefko (3) 
report successful re-implantation of the legs of two dogs, with non-suture arterial 
anastomosis, the amputated legs having been kept on cracked ice overnight. The 
photographs taken 12 and 21 days later show excellent union of the skin, but marked 
edema of the amputated legs. Dr. Blaclcmore informs us that the leg was paralyzed 
as the nerves were not sutured; and that the muscles were atrophic in the gross when 
the dogs were killed at 40 days. The experiments therefore do not show that the 
muscle and nerve survived so as to be capable of resuming function. The data 
which we report herewith appear to preclude this. Earlier experiments of Mangold 
(4) on mice and Winterstein (5) on rabbits also indicate that the excitability of mam- 
malian skeletal muscle is completely abolished in 24 to 66 hours when the muscle 
is immersed in saline solution at 8 to i8°C.; within 8| hours at 36 to 38°C. These 
reports do not describe the degree of response, but it is probable that decisive dis- 
organization occurs much earlier, some fibers deteriorating more rapidly than others. 
This is revealed by the experiments here described. 

METHODS 

The experiments were made on young, well nourished white rats and mice. 
One of the rats {no. 5) was killed by crushing the cervical vertebrae. The others 
were injected intraperitoneaUy with Seconal sodium; one, {no. 6) with 30 mg/kg. of 
body weight, which produced deep basal anesthesia; three {nos. 7, 8 and 10) with 
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60 iTig/kg., producing full anesthesia. They were decapitated, giving mild or no 
convulsions, plunged into a bath of mammalian de.xtrose-Ringer’s solution (NaCl 
0.S5, KCl 0.03, CaCh 0.025, o.oi, NaHCOa 0.02, dextrose, o.i per cent), 

pre-refrigerated to near o°C., and freely aerated. The carcass was immediately 
skinned, eviscerated, and dissected in the cold bath, to make preparations of the 
hindlegs, forelegs, flanks, ribs, tail and face. The preparations were suspended in a 
4-litcr bath so as to be freely surrounded by the refrigerated solution, which was 
kept aerated by a brisk stream of air. Their excitability was checked from time 
to time by direct stimulation of the e.xposed muscles with a Harvard inductorium 
activated by a i^-volt dry cell, with the secondary coil set at 12, 6, and o cm. The 
following code was used in grading the responses: Very good’ — ^good response at 
12 cm.; ‘good’ — good response requiring 6 cm.; ‘fairly good’ — good response requir- 
ing o cm.; ‘fair’ — fair response at o cm.; ‘slight’ — slight response at o cm,; ‘inexcit- 
able’ — no response at o cm. The bath with the preparations was kept in the re- 
frigerator between stimulations and overnight. 

RESULTS ON RATS 

These are described only in abstract. The results with the hindlegs may b^ 
taken as typical. In the rat without anesthesia (tio. 5) the response to direct stim- 
ulation declined after decapitation to ‘fairly good’ within half an hour, to ‘slight’ 
during to 4§ hours. It was ‘inexcitable’ at 24 hours. In the four rats with Sec- 
onal the response started to decline rapidly from ‘very good’ at 4 minutes, reaching 
‘good’ in 5 to 15 min., median 10 min.; ‘fairly good’ in 20 min. to > 8 hrs., median 
25 min.; ‘fair’ in 32 min. to > 8 hrs., median 5 hrs.; ‘slight’ in 32 min. to > 8 hrs., 
median 7 hrs,; ‘inexcitable’ in 1 to < 22 hrs,, median > 8 < 22 hrs. 

It appears therefore that the hindleg muscles of rats, kept under the best 
conditions, invariably become completely inexcitable in less than 24 hours, and 
sometimes as early as one hour, after removal from the body. The deterioration 
is generally quite marked within 25 minutes. Within these limitations there are 
marked differences between individual rats, but both hindlegs of a rat behave prac- 
ticalV alike. There was nothing apparent in tlie e-xperiments which would account 
for tlic differences. 

The forelegs of the anesthetized rats deteriorated similarly to the hindlegs 
perhaps somewhat more slowly on the av'erage. The median time when tlic response 
reached ‘good’ was 10 min.; ‘fairly good’ 6 hrs.; ‘fair’ 7 hrs.; ‘slight’ > 7 hrs,; incx- 
citable > S < 23 hrs. The difference could conceivably be due to different thickness 
of the tissue. This is somewhat doubtfully confirmed by the muscles of the flank; 
the median decline to ‘good’ was in 25 min.; ‘fairly good’ 3 hrs; ‘fair’ 6 hrs.; ‘slight’ 
hrs.; ‘inc.xcitablc’ < 25 hrs. The median responses of the even thinner costal 
muscles reached ‘good’ in. 10 min.; ‘fairly good’ in 2 hrs.; ‘fair’ in 6 hrs.; ‘slight’in 
> S hrs.; ‘ine.vdtable’ in > 7 to < 24 hrs. Altogether, the differences do not pro- 
gress convincingly with the thickness of lire muscles from the ribs to the legs of the 
rat. In .my case, they are less tlian the differences between the different animals. 
The di.iphrag.’ii muscle also falls within the same range. In raf y the response de- 
clined to 'f.isr' in 10 min. and it became ‘Incxciuible’ in 43 min. In ret 10 it was 
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still 'fairly good’ in 7 hrs,, 'inexcitable’ in 22 hrs. The face muscles (eyelids and 
whiskers) deteriorated very early. In rat 6 they were 'inexcitable’ in 15 min.; in 
ral 5, within an hour. The tail muscles in ral 8 gave 'fairly good’ responses in \ to 
7 hrs.; 'fair’ in 8| hrs.; 'inexcitable’ in 22 hrs. 

The question whether the differences among individual animals extend to all 
muscles is answered by comparison of the 3 anesthetized rats in which four muscles 
were studied. There was general agreement in the deterioration of the hindlegs, 
forelegs and flank muscles, all declining most rapidly in rat 8 , then ral 10, slowest in 
rat 7; but costal muscles deteriorated fastest in rat 10. It appears therefore that the 
differences in the individual animals extend to the various muscles, excepting the 
costal. We have not found an explanation why the individual animals should differ 
in their deterioration rate. All had received the same dose of Seconal and all were 
in deep narcosis. Convulsions were absent in rats 7 and 10, weak in rat 8 . The 
time between the injection and decapitation was 9 minutes in rats 7 and 8 , ti minutes 
in rat 10. 

Rigor mortis, which sets in so much earlier in mammals than in frogs, might 
conceivably be concerned in the difference between individual rats, as well as between 
rats and frogs. It would interfere more or less with the response, according to the 
proportion of muscle fibers that are rigid at the time. The experimental procedures 
were therefore planned to minimize rigor, by narcosis, rapid excision, coolfeg, aera- 
tion, and alkalinization of the solution. In any case, the data show no relation be- 
tween the rate of deterioration of excitability on the one hand, and development of 
rigor on the other: In rat 8 , whose excitability deteriorated most rapidly, the leg 
muscles were semirigid in 20 minutes, but their response was still fairly good. They 
became inexcitable in an hour. In rat 7, with the slowest deterioration of excita- 
bility, the leg muscles were semirigid in 10 minutes, with good response at 25 
minutes; and at 8 hours they were stUl semirigid with good response; at 24 hours 
they were very rigid but stiU gave a slight response. Ral 10, with intermediate 
deterioration rate, showed no apparent rigor in 5 hours, with fairly good response. 
Rat 6 gave a fair response in 6 hours, when it was rigid. 

Since Winterstein (5) showed that the addition of o.i per cent of hydrogen per- 
oxide prevents rigor, one of the forelegs of rat 6 with good response was transferred 
at the end of an hour to refrigerated Ringer’s solution with the addition of hydro- 
gen peroxide, without aeration; the other foreleg, with fairly good response, was 
left in the refrigerated solution without this addition. In two hours the response of 
the peroxide muscle had fallen to ‘fair’, while the control was still ‘fairly good’. The 
control leg was rigid, the peroxide-treated leg was soft. In 20 hours both responded 
slightly, the peroxide leg still being soft, the control rigid. It appears therefore that 
the peroxide inhibited the development of rigor, but had no effect on the deteriora- 
tion of excitability. Altogether, then, the rigor does not explain the variation be- 
tween individualanimals. 

A somewhat unsuccessful attempt was made to render a rat ‘cold blooded’ by refrigeration 
before decapitation. It was narcotized with Seconal sodium, 40 mg/kg., and placed in a refrigera- 
tor near o°C. However, it died in two hours. The unskinned carcass was immersed in refrigerated 
Ringer’s solution for 22 hours. The muscles of the hindleg and flank were found inexcitable to direct 
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stimulation. Pre-refrigeration for two hours before death’ Iherefore did not succeed in delaying the 
loss of excitability. 

The response to indirect (nerve) stimulation always declined much faster than 
the direct, and the difference was materially greater than for frogs. The time after 
decapitation when the decline in live preparations reached ‘fairly good’ ranged, for 
direct stimulation, from 20 mins, to 8 hrs., median 7 hrs.; for indirect stimulation, 
20 min. to '2I hrs., median hrs. The time for indirect averaged about 25 per 
cent of the direct with rats, 81 per cent with frogs. Tnexcitable’ was reached in i 
to > 8 hrs., median > 7 < 22 hrs.; for indirect stimulation in 20 min. to 7I hrs., 
median 4 hrs.; the indirect averaging about 33 per cent of the direct with rats, 83 
per cent with frogs. 


OBSERVATIONS ON MICE 

A few experiments were made to see how the rate of deterioration of response 
to direct stimulation of the muscle compares in the two species, employing the same 
methods. The results arc of the same order as in the rats and show simitar differ- 
ences between individual animals. The time required for the deterioration to reach 
‘fairly good’ ranged from 25 min. to 6 hrs.; ‘inexcitable,’ 35 min. to 43 hrs. 

COMMENTS 

The early deterioration of the skeletal mammalian muscle remains unexplained. 
It is not due to the peculiar structural configuration of skeletal muscle, for it con- 
trasts sharpl}’- witli the much slower degeneration of frog muscle which has a simi- 
lar structure. Nor does it c.\tend to mammalian contractile tissues in general: 
It is known that the smooth muscle of mammalian intestines performs peristaltic 
contractions after being kept on ice for 5 days. Mammalian iris also reacts verj' 
satisfactorily at least 24 to 30 hours after excision, if the whole eye is kept in iced 
Locke solution. So also docs the cxdsed human uterus. Human spermatozoa 
may show normal motility when thawed after being frozen at — 7o'’C. for 40 days, 
and some even after 70 days. 


SUMMARY 

The sur\'ival of the skeletal muscle of rats and mice after somatic death is very 
much shorter than with frogs. Notwithstanding all precautions to prolong survival, 
by barbiturate narcosis, immersion in ice-cold dextrose Ringer’s solution, and ample 
aeration, tlie response to direct faradic stimulation declines generally within an hour, 
and becomes stabilized at a low level between 30 minutes and S hours, and is practi- 
cally always completely lost overnight. Muscle rigor also occurs early, but this is 
not tlie cause of the loss of c.xdtability, as muscle in rigor may still respond to stimula- 
tion, Rcspon.se to stimulation of the nerve is abolished considerably before rcs])onsc 
to direct stimulation, so that the nerve fibers or cndplatcs deteriorate even more 
rapidly than the mu.scle. 

The rate of deterioration differs somewhat for individual muscles, but practi- 
cally all lose their excitability completely witlu'n 24 hours. It appears therefore that 
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re-grafting of excised muscle would not be successful, except perhaps if it is done veiy 
promptly. 
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. LOSS OF EXCITABILITY OF FROG SCIATIC NERVE ANO 
SKELETAL MUSCLE ON DEEP-FREEZING 

TORALD SOLLMANN, NORMAND L. HOERR and JOSE J. ESTABLE> 

From the Laboratories of Pharnmcology and Anatomy, School of Medicine, Western Reseme 

University 

CLE\'ELAND, OHIO 

A PREVIOUS investigation (i) showed that frog nerve, skeletal muscle, and 
some spinal reflexes, preserve their excitability for 2 or 3 weeks when 
kept in a dextrose-Ringer’s solution at near 0° C. It is known that exposure 
to temperatures of —1.6 to —3.0° C, generally destroys the response of muscle in 
a few hours; but if ice crystals do not form it may be subcooled to —18° C. and 
recover (2, pp. 54 and 85). The excitability of frog nerA’-e does not recov^er if it is 
cooled below —1.8° C. Very rapid ‘ultra-freezing’ of tissues by immersion in liquid 
air or liquid nitrogen, or in isopentane cooled with liquid nitrogen, is generall}' less 
injurious than slow freezing, since solidifying of the water occurs without visible 
crystallization. Definite data as to the resistance of frog nerve to ultra-freezing 
appear to be lacking, but its excitability is presumably destroyed. Homoplastic 
mammalian nen^e, frozen in nitrogen-chilled isopentane and dehydrated by liigli 
vacuum and phosphorus pentachloride and stored for several montlis at —40° C,, 
is as suitable for nerve grafting as is living nerve (3, 4). Since heteroplastic nerve 
treated in the same manner behaves as a foreign body, the frozen nerve has presen'cd 
its species identity; but tlicrc is no evidence that it is functionally revivable. I'rog 
gastrocnemius muscle does not survive freezing in liquid air (5); but if bundles of 8 
to 10 muscle fibers are frozen in liquid air for a few seconds to several hours and then 
thawed, some fibers ma}-- contract to strong stimulation (6), 

TJic injurious cITects of e.xposurc to low temperatures, as tabulated in the monograph of Luyet 
and Gehenio (2, pp. 237-250), \ary niaterialb' for different tissues and organisms and reports of 
different observers do not agree. The injury depends to a great extent on tlie formation of ice erj's- 
tals, which not only produce mechanical injurj- of the cells but which also disorganize the colloids. 
Tn any case, survival at low temperatures requires the absence of gross ice-crystal formation, which 
may be secured by different mechanisms in different cases. Low water content is one important 
factor. The speed of freezing also influences tlic formation and growth of ice crystals, tlie injur3- 
being least when the freezing is done most rapidfi’ (7). 

Most plants and animals die in the neighborhood of their freezing point, a degree or two below 
o°C., at which time a large part of their water crystallizes as ice. Some forms, csjjecialh’ those con- 
taining little moisture, arc not killed by ultra-freezing in h'quid nitrogen. .Among these are ino.st 
b.ictcria, yeasts, and some flagellates (trA-panosomes). Infusoria and spores (other than motile) 
remain viable even Avhen plunged into liquid hydrogen at — (S). All encysted forms and or- 

ganisms which support desiccation survive indefinitely in liquid air. Rhizoj>ods, dliales and some 
flagellates arc killed at a few degrees below o'C. Parameda and amtlrae, even under the best can- 
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dilions, arc always killed by immersion in liquid air. Ova of invertebrates often resist temperatures 
of —30° to — 40°C., but the ova of vertebrates, including amphibians, are killed by those of a few 
degrees below o^C. (2, pp. 32, 43, 94). 

Human spermatozoa are resistant to subfreezing temperatures. Many, but not all, of the 
cells, recover normal motility on thawing after freezing at — 79‘’C. for 40 days (9) or 70 days (10), 
and even when frozen in ampules at — i96°C. for 8 days and thawed rapidly at 37'’C. (ii). It is not 
known whetlier or not ultra-frozen human spermatozoa are able to fertilize. However, while fowl 
sperms frozen at — 79°C. for an hour were fertile, tlie cmbrj'os died verj' early (12). The sper- 
matozoa of rats are reported to be killed by immersion in liquid air (2, p. 221). 

Isolated tissues are generally killed by a few degrees below o®C. Plant epidermis, tissues of 
stems, roots and leaves, embryonic animal tissues, ciliated epithelium, muscular and apparently nerve 
tissues are among those thus affected. Partial dehydration increases the resistance of some materials 
(2, p. 60). Freezing in liquid air destroys the utilization of oxygen by rat heart, liver, kidney, lung, 
spleen and testes (13). Corneas of rabbits, frozen in liquid nitrogen, dehydrated in vacuum at 
— 4o‘’C. and rehydrated in Ringer’s solution, failed to produce transparent grafts, although they 
healed in place (14, 15). Human skin grafts appear remarkably resistant. Preserved and frozen 
in plasma at —20° to — 2s‘’C. for 60 days, they give as many takes as fresh grafts (16). Frozen at 
— 7o°C. and lyophil dried, 80 per cent of the grafts survive, although they are less satisfactory than 
fresh skin (17). 

Of multicellular plants, most fungi and algae arc killed when exposed to —10® to. — is®C., but 
some fungi withstand liquid gases. Most higher plants are killed by a few degrees below o°C., but 
some resist —30° or — 40°C. (2, p. 70). 

Of multicellular animals, invertebrates are generally killed when frozen somewhat below o^C. 
Some insect larvae support about — 2o°C., but die below’ this temperature (2, p. 94)- Frogs are 
capable of revival after exposure to — 2S®C. for an hour, but w’hen the temperature is taken by a 
thermocouple placed in the stomach, they die when it is kept at — i.s°C. for 2 hours, or at —2 "C. 
for hour (18). Frogs placed in carbon-dioxide snow' for 8 minutes become hard and rigid, but 
recover movement and sensation on being warmed (2, pp. 84, 85). Fish frozen to stiffness but still 
flexible recover, but they die when frozen to fragility (19). Goldfish do not recover after immersion 
in liquid air for 15 seconds (20). 

METHODS AND RESULTS 

The following study of the resistance of nerve to ultra-freezing was made on 
frog sciatic-gastrocnemius preparations which had been dissected on the previous 
afternoon and preserved in dextrose-Ringer’s solution in a refrigerator near o 
C. (i). The excitability of the nerve and muscle was checked by a Harvard induc- 
torium activated by a dry cell of about 15 volts, with the secondary coil at 12, 6 and 
o cm. The nerve was frozen by tying a thread to the Achilles tendon and dipping 
the whole length of the nerve for a specified time into a beaker of isopentane im- 
mersed in liquid nitrogen which produced a temperature of about —160° C. or by 
placing it directly in liquid nitrogen (—195° C.). The muscle was kept above the 
level of the freezing liquid. After a specified time, the preparation was thawed m 
cold dextrose-Ringer’s solution. The excitability of the nerve and muscle was tested 
at various intervals. The responses are scored as: vg, very good, good response with 
secondary coil at 12 cm. g, good, good response requiring 6 cm.] fg, fairly good, good 
response requiring o cm.;/, fair, fair response at o cm.; si, slight, slight response at 
o cm.; 0, inexcitable at o cm. 

Resnlls of freezing frog sciatic nerve - in ultra-cold isopentane. Immersion of the 
ner\’e for 10 seconds lowered the response from vg to g. Nerves immersed for 2 
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minutes are inexcitablc immediately after thawing in cold Ringer’s solution. If 
the freezing is not longer than 3 minutes, complete or almost complete recoveiy 
occurs within 8 minutes, and the response may remain fairly good for 3 days. The 
muscle then becomes inexcitablc even to direct stimulation, which is much earlier 
than witli preparations which have not been frozen, ^^^ith immersion of 5 to 16 
minutes there is considerable recoveiy’’ in some cases, but in most others excitability 
is irreversibly abolished. 

N oip-immersed mnscle was more or less injured by immersion of tlie nerve in 
ultra-cold isopentane even for three minutes, as manifested by early partial deteriora- 
tion of the response to direct stimulation and by relatively early inexcitability. 
The inexcitable muscle was opaque and hard, as if in firm rigor. These changes were 
probably due to exposure of the muscle to the cold atmosphere above the isopentane. 

Direct immersion of the muscle i 7 t ultra-cold isopentane for 10 seconds (rectus 
abdominis) or 5 minutes (gastrocnemius) destroyed its excitability completely and 
irreversibly. Muscle is therefore more \’ulnerable than the nerve. The texture of 
the muscle was also changed. It was rigid, contracted, hard and leathery. This 
rigor was not resolved by 4 days in cold Ringer’s solution. 

A^ene and muscle imtncrscd in isopentane at room tc 7 npcraturc for 15 minutes 
gave very good response, but when the immersion continued for 27 minutes, the 
re.sponse to botli nerve and muscle stimulation was only fair, and after 40 minutes' 
immersion it was only slight. The muscle and possibly the nerve are therefore in- 
jured by isopentane at room temperature, but this becomes manifest only if tlie 
immersion is prolonged to more than 15 minutes. The injury by ultra-cold isopen- 
tane is therefore due to the freezing and not to the isopentane. 

Direct im 777 crsio 7 i of frog sciatic nerve in liquid nitrogen for i minute had no effect 
on the excitability of the nerve or muscle, after thawing in Ringer, both giving vg 
response at 5 minutes and in a day. Botli became inexcitablc in 3 days. Immersion 
for 2 minutes abolished the response to nerve stimulation completely and irreversibly; 
tlie response to direct stimulation of tlie muscle remained good for 4 daj’S, but was 
abolished on the 6th day. Freezing in liquid nitrogen therefore seems to be more 
promptly injurious to the e.xcitability of the nerve than is freezing in isopentane. 

Jnwicrsion of frog sciatic 7 icnc hi ethyl alcohol (95%.) An answer to the question 
whether isopentane as sudi plays a material role in tlie injur}’’ of ultra-freezing was 
also sought by comparison v/itli ethyl alcohol, an agent known to be directly in- 
jurious to ner\-c. The time for injur}' by this agent at room temperature was de- 
termined by stimulating the nerve of a preparation at successive interv'als after 
immersion, without rinsing in Ringer. The response declined from vg before im- 
mersion, to g after immersion of 2 to 4 minutes, /g after 6, S and 10 minutes, and to 
inexcitability in 15 minutes. This ine.xcitability v.-as irreversible by transfer to cold 
Ringer for one hour to 3 days. The room temperature injuiy wiUi ethyl alcohol is 
definitely greater than with isojxmtanc; for isopentane still ga.ve vg response at 6 
minutes, when the alcohol had declined tofg; and the alcohol nerve was inexcitablc 
at 15 minutes, while the isopentane neiwc gave an / response at 27, and a slight 
response at .}0 minutes. The c.rrly in juiy by ethyl alcohol ns such restricts its use 
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for ultra-freezing to short periods which, according to the experience with isopen- 
tane, would only give some degree of reversible depression. 

Such proved to be the case, with immersion of the nerve in alcohol cooled to 
about — 100° C. by liquid nitrogen. The results of these brief immersions were of 
about the same order as those with ultra-cold isopentane, in harmony with the con- 
clusion that the injury by ultra-freezing in isopentane is due to the cold and not to 
the substance as such. 

Dehydration of the nerve mlh honey. Since injury by freezing is due in large 
part to mechanical trauma from ice ciystals, partial dehydration increases the resis- 
tance of some isolated tissues (2, p. 60). This was tried on frog sciatic ner\’’e by 
laying it in honey. The high content of invert sugar (65 to nearly 80%; U. S. 
Dispensatory) promptly withdraws water and presumably some electrolytes very 
effectively, without producing direct toxic actions. It was necessary’’ first to deter- 
mine the effects at room temperature. The nen,'es of the sciatic-gastrocnemius 
preparations were laid in honey in a Syracuse watchglass, leaving the muscle outside. 
The preparations were kept in a moist chamber at room temperature and their 
e.xcitability tested from time to time. WTien this had decreased materially, the 
preparation was transferred to Ringer’s solution until its response was restored. 

Almost immediately after the nerve is laid in the honey, the muscle begins 
to twitch for several minutes, then relaxes. The twitching may resume briefly 
when the nerve is transferred to the Ringer’s solution, after 15 minutes in the honey. 
The physical characters of the nerve undergo striking changes in the honey, becoming 
translucent, stiff, homy and brittle. These alterations set in 'within 7 minutes 
when the response is srill fairly good. On transferring the nerve back to Ringer’s 
solution it resumes its normal appearance, its softness and its pliability quite promp- 
tly. The restoration is perceptible in 4 minutes and complete in 15 minutes. 

The response to nerve stimulation decreases rather slowly during the immersion 
in honey, the rate differing considerably in different preparations, but all become 
inexcitable in 30 minutes to an hour. The decline may start within 5 minutes, or 
the response may be almost or quite unimpaired in 20 or 30 minutes and then disap- 
pear b}'^ 45 or 60 minutes. On transferring the nerv'^e back to Ringer’s solution the 
response begins to improve promptly. A preparation which had decreased to fg 
by 21 minutes in honey returned to g within one minute in Ringer. With two others, 
where it had declined to fg in honey for 45 and 60 minutes, transfer to Ringer caused 
little or no restoration of response in 15 minutes, but good response in 30 to 45 
minutes. 

Ullrqfreezing of frog sciatic nerve in isopentane after dehydration in honey. When 
it was confirmed by the physical characters as well as by the decrease of excitability) 
that immersion of the nerve in honey produces prompt dehydration, a series of 
nerves that had been dehydrated in honey for 20 to 30 minutes, and which still 
vg or g response, were suspended in isopentane cooled by liquid nitrogen for s, 10 and 
15 minutes, then transferred to cold Ringer’s solution and their excitability checked 
at 15 to 60 minutes. The results show^ that the dehydration did not increase the 
resistance of the nerve to injury by ultra-freezing. With 5-minute freezing, the 
responses after previous immersion in honey for 20 or 25 minutes are of the same 
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order as those without honey. With freezing of lo and 15 minutes, none of the 
honey preparations was excitable, while in each case one of the two non-honc}'- pre- 
parations gave good response. The number of experiments is not sufficient to prove 
that the dehydration and freeze injuries are additive. 


smoMRY 

Ultra-freezing of frog nerve and muscle at about —160° C. by immersion in 
isopentane cooled by liquid nitrogen, or at —195° C. by direct immersion in liquid 
nitrogen, abolishes their excitability promptly, completely, and generally irre- 
versibly; recovery depending on tlie time of immersion, presumably according to 
whether the cold has penetrated to all the fibers. 

Frog sciatic nerve frozen for 2 minutes in the isopentane remains ine.xcitable 
for several minutes of thawing in cooled Ringer’s solution, but recovers fully within 
IS minutes. Wlien frozen for 3 minutes, it also recovers largely. When frozen 
for 5 minutes, recovery in Ringer’s solution is generally less complete, and of rela- 
tively short duration; the response decreasing again within an hour, sometimes to 
complete extinction. Freezing for 10 to 16 minutes generally abolishes the response 
permanently, but one preparation recovered almost completely and still gave as 
good response after an hour in Ringer’s solution. 

Skeletal muscle is definitely more vulnerable to ultrafreezing than is the nen’c 
trunk. Immersion of the frog gastrocnemius in the cooled isopentane for 5 minutes 
destroys its excitability completely and irreversibly, with parallel ph^^sical changes. 
The muscle, after Uiawing in Ringer’s solution, is contracted, rigid, hard and leathery. 
The rigor is not resolved by 4 days in cold Ringer’s solution. 

The changes in the nerve and muscle are not due to the isopentane as such, 
for immersion at room temperature for 15 minutes does not impair their response. 
However, vdtli 27 and especially with 40 minutes of immersion their response is 
markedly decreased. 

Freezing by immersion in liquid nitrogen produces tlie same changes in the 
ner\'e as does ultra-cold isopentane, in a somewhat shorter time. Ethyl alcohol 
(95%) room temperature materially depresses the response within 6 to 10 minutes 
of immersion of the ner\’e. Immersion of 15 minutes abolishes the response com- 
pletely and irreversibh". It is therefore much more injurious than isopentane. 
Freezing for short periods in alcohol cooled to about — loo'’ C. gives about the same 
results as ultra-cold isopentane. 

Dehydration of frog sciatic nen'e by immersion in honey alters its physical 
cliaracters, so that it shrinks and becomes homy, translucent and brittle. These 
changes are reversed bj' returning it to Ringer’s solution. Excitability is rather 
promptly depresseti and abolished, U'ithin an hour at most it is largely restored 
by transferring tljc nerv'c bad: lo tlie Ringers solution. 

The honcy-dcliydrated nen'c is not more resistant to the injurj* of freezing than 
is the normal nerve. 
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STARLING’S LAW AND X-RAY DENSITY CHANGES OF HEART 

SHADOW^ 
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'Prom Ihe Bepartmenl of Physiology, Temple University, School of Medicine 
PraLADELPinA, PENNSVLVANTA 

T he factors which determine the stroke of the heart are the length of the 
muscle fibers (venous load), the arterial pressure and the composition of the 
interstitial fluid. The importance of the first two factors is implied in 
Starling’s law which says that “the energy of contraction is a function of the length 
of muscle fibers,” In the isolated heart, the composition of interstitial fluid remains 
reasonably constant so that the length of the muscle fibers and the arterial pressure 
are the determinants of stroke volume. Evidence both supporting and denying the 
importance of Starling’s law for the intact animal has been supplied from many 
laboratories (1-9). It is certain that the interstitial fluid in the heart of the intact 
animal is constantly imdergoing changes not only because of alterations in size of 
coronar}’ vessels and pressure nithin them but also as a result of variations in nervous 
impulses and the composition of the blood. Is the stroke in the intact animal de- 
termined largely by the composition of interstitial fluid or by the venous pressure 
which stretches the muscle fibers? With a new instrument, the electrokymograph, 
we hope to add to our understanding of these factors. 

For this research the anaesthetized dog was chosen because humoral factors are 
less variable than in normal animals where nervous influences are constantly causing 
changes in blood flow and composition. To prove Starling’s law for the intact animal, 
one must be able to show that an increase in work of the heart which is brought about 
by an increased stroke and/or increased arterial pressure is accompanied by a dilation 
of the heart. If one could place tlie heart in a volume recorder this would be easy. 
But one must rely on indirect methods. Perhaps the best one is x-ray shadows of the 
heart (4). However, the changes here are so small and occur so rapidly that the}’- are 
difficult to measure accurately. Furthermore one records the size in only one plane 
at a time. With the elcctrokjanograph (see below) one can amplify the border move- 
ments of the heart and can even record changes in x-ray density at the middle of the 
heart’s shadow. Wlien one records from a large part of the ventricle, the cur\-e 
should represent a reasonable average for border movements during the cardiac 
cycle. Such records taken with measurements of tlic stroke of the heart should give a 
means of telling whether or not the size of the heart varies with the stroke. The 
principle involved is illustrated by the following e,\ample. A heart havdng a volume 
of 700 cc. (blood and mmscle of left and right side) and ejecting 200 cc. uill show a 
smaller border movement than one ha\nng a volume of 500 cc. and also ejecting cco cc. 
Thus if the heart dilates %rith increasing strokes, the border movements per unit of 

Recc.H'cd for pul'IIcaibn XavcHibcr iS, 1948, 
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output should become smaller. If the heart does not dilate, then the border move- 
ments should remain approximately the same per unit output. If Starling’s law 
holds, the former effect should be observed. Admittedly the mathematics is not as 
simple as is implied here. Evidence from this method is to a considerable extent 
empirical. 


METHOD 

To measure the output of the heart, we have used two methods — the ballisto- 
cardiograph and that of pulse pressure. The ballistocardiographic table was of the 
low frequency type similar to the one described by Nickerson and Curtis (14). For 
studies on the dog, there is no formula for converting the ballistic forces into stroke 
volume. We have, ho\vever, performed enough experiments measuring heart output 
by the direct Fick method, while recording almost simultaneously the ballistic 
forces, to feel confident that a formula can be devised. In our calculations, we have 
been interested only in changes in heart output and therefore have used no constants 
to give our records meaning in terms of actual output. 

The other method used for determining changes in stroke volume was described 
by Hamilton and Remington (10). It is based on a study of contours of arterial 
pressure tracings. Pulse pressures were recorded with a strain gauge (Stratham 
laboratories. Model P 23-150-250 Ser. 60). The pressure w^as transmitted to the 
gauge through polyvinyl tubing which had been baked to harden it. This tubing was 
0.5 mm. in diameter and 25 cm. in length.^ One end was pushed through the carotid 
artery so that it extended into the aorta. The other end was coimected with the 
gauge. A string galvanometer recorded pressure. 

The movements of the heart borders were recorded with the electrokymograph 
(ii). This instrument consists of a fluorescent screen placed over the light-sensitive 
portion of a multiplier phototube (RCA 931-A). When x-raj’^s act upon this screen, 
fluorescent light is emitted. This light in turn is converted into an electrical current. 
If the x-rays vary in intensity, the intensity of fluorescent light also varies. The 
changes in current from the phototube are recorded with a string galvanometer. No 
light from the room can reach the photosensitive surface of 931-A tube because the 
only opening in the tube housing is covered with black paper. By fluoroscopic 
guidance the area of the pick-up which responds to x-rays is placed so that it is 
covered completely or partially by the heart shadow. In either case, the records 
obtained look much like those recorded by a cardiometer. When the area studied is 
within the heart shadow, the record is one of changing x-ray opacity of the heart and 
has been called a density curve or a densogram. The densograms have been used for 
this study. The area of the heart shadow from which the records were made was 
2 cm. in diameter. 

In order to vary the stroke of the heart, the right vagus nerve was stimulated, 
thus slowing the rate of the heart and allowing more time for filling. Simultaneous 
records of the ballistocardiogram, the pulse pressure and the electrokymograms were 
made. The results obtained from at least five beats of similar size have been averaged 
in calculating the points on the graphs. 


- Suggested by L. H. Peterson, University of Pennsylvania. 
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The major part of the work of tlic heart may be calculated Ijy multiplying the 
stroke by the mean pressure occurring during ejection. A small additional figure 
should be added to account for tlie velocity imparted to the blood, 'i'his ^'elocity 
factor is small and difficult to calculate so it has been omitted. Also we have made no 
estimate of the work of the right heart. The work of the left heart was assumed to 
parallel that of the right. The work then was calculated b}'’ multiplying the stroke as 
determined by ballistocardiograms or pulse pressures by the mean systolic pressures. 

Epinephrine increases the force of cardiac contraction (i, 12). Therefore when 
this drug is given, the heart should require less filling to do its usual work or should 
be able to do more work with the .same filling. The effect of vagal stimulation after 
giving epinephrine intravcnouslj' has been investigated. 


RESULTS 
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A record showing tlie effect of vagal stimulation on ballistocardiograms, blood 
pressure and EKY density is shown in figure i. It will be noted that following vagal 
stimulation, all of the records show 
increased amplitudes, d'he signifi- > , , 

cance of these results is shown ii}' 
plotting the work accomplished 
against the density changes. In figure 

. (the lotver ctrees) this has hoot, |||ft3f ((llg ARTEftl/lL PREHUSE 
done. J he work of the heart per 
beat is shown on the abscis.sas and 
the density change per unit output 
on the ordinates. Slowing the heart 
by vagal stimulation increased the 
stroke and the work of the heart 
per beat. 1 'hc observations record- 
ing the first beats after this stimula- 
tion appear in the right lower portions 
of the graph. JDuring the period of 
increasing rale, the work per stroke Eio. i 

decreases and these results ajijicar 

higher and to the left. If the heart did not dilate with increasing work, then the 
border movements or density changes would be projiortional to the stroke, and 
the line connecting the points would be horizontal. On the other hand the more 
this line approaches the vertical the greater the dilation produced by additional 
work. I iiese records indicate that the heart doe.s dilate with increasing work as is 
to be c.\-pecte<i from Starling’s law. 

I he I'bservations made immediately after inlravenou.s epincplirine apjK'ar on 
the graphs above the control observation.^. They indicate greater .\-niv den.sity 
ch.-uiges for .1 given stroke which is evidence that the heart iias less residua! blood in it 
'.vhen under the influence of epinephrine. Or we may s.ay th.it for a given length of 
min'de fibers, it contracts more vigorously under the inftucnce of cpincjrh.rine. Dur- 
ing the rtvover)' penod it will be !inte<l that the curve drops b.ack to the control 
levels o'tce more. 
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DISCUSSION 


The density changes recorded are not parallel with stroke-volume. In figure 3 
the stroke volumes were plotted against the density changes per unit output. It is 
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Fig. 3 


seen at once that the points do not give a horizontal line but rather a falling line with 
increasing stroke. It then becomes important to determine whether the density 
records show changes proportional to the border movements of the heart. Roentgen- 
kymography seemed to offer our most likel}'- answer to this question. Such a record 
from the dog’s heart after vagal stimulation is shown in figure 4. It will be seen that 
the border movements are largest immediately after vagal stimulation and become 
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smaller thereafter. The records are quite similar to those obtained with the electro- 
kymograph (fig. i). One would like to have simultaneous roentgenkymograms and 
electrokymograms but with our equipment we had to be satisfied with successive 
records. Our comparison has been made between the first and second beats after 
vagal stimulation. In 4 dogs, the roentgenkymograph records show that the ampli- 
tude of the inward movements of tlie heart shadow was smaller for the second beat 



I'li;. 4 of vkxtr.u. aoitonn above atjfl dorFal hortJcr bebnv. 

Read from left to right. 

after vagal stimulation thait for the first. Tiic second beats were on the average 
32 per cent as large as the first itcats. In tlicse stinie dogs densograms of second boa ts 
were 70 jkt cent of the. sir.c of first I)eats. A mathematical analysis of the relation 
between elect rokymograin.s and roentgenkymograms indicates that the relation 
found is approximately the one to be c.xpccted. It would appear llten that the 
elect rokymo.irrapit gives a sati.=:factoiy measure of border movements under the 
eonriitions of this experiment. 

After exercise in m.an, the stroke and rlc-n.sily changes per cc. of output diminish 
rimriitg recox'exyx Th.is is c'atctly what is *0 be c.xtK;c*ed from Starling’s law. If li’.f 
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sympalhetics were important in determining tlie large stroke after exercise (i, 13), it 
would seem at least possible that the heart would show more rather than less dilation 
as recover)' progressed. In 28 subjects carefully studied, this has never been 
observed. 


SUJrALVRY 

Utilizing electrokymography, a method has been described which, it is believed, 
will record rapid changes in the size of the heart within the intact chest. This method 
has been used to show that in the intact animal the heart follows Starling’s law during 
the period after vagal stimulation. Under epinephrine, the heart responds to a given 
load of work with less dilation than under control conditions. 
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EFFECT OF BLOOD SUGAR LEVELS AIsT) INSULIN LACK 
ON GLUCONEOGENESIS BY THE KIDNEY OF THE DOG 

CLARENCE COHN and MURIEL KOLINSKY 
Vrom the Department of Biochemistry f Medical Research Imtitule, Michael Reese Hospital 

CHICAGO, ILtlNOIS 

B y a variety of methods, the kidney has been shown to be a source of blood 
sugar. Bergman and Druiy (i) noted that greater amounts of glucose, 
given by a constant intravenous injection, were required to maintain a con- 
stant normal blood sugar level in liverless nephrectomized rabbits than to maintain 
a constant level in rabbits that were merely hepatectomized. The difference be- 
tween the two types of animals, in the amount of injected glucose required, has since 
been considered to represent the glucose output of the kidney. By analysis of simul- 
taneous arterial and renal venous blood sugar concentrations in rats and dogs, 
Reincckc directly demonstrated the gluconeogenic function of the kidney (2-4), 
Significantly higher glucose concentrations were found in renal venous blood than 
in the arterial samples. Others have noted glucose production by renal tissue in 
vitro (5). The factors involved in regulating glucose production by the kidney hav^e 
not as yet been demonstrated, e.vccpt for the work of Russell (5), wlio found a de- 
crease in the ability of kidney from adrenalectomized rats to form glucose. The 
results reported below arc studies of the regulation of renal gluconeogencsis. 

ifETHODS 

Tilt* renal contribution to blood sugar was evaluated by comparing the rate of fall of blood 
sugar in livcrlcss animals in the presence and absence of Uic kidne\-s. This procedure of following 
the rale of decline in blood sugar was performed in normal and previously dcpancrcatiacd dogs. 

The cllect of induced h\perglyccmia was studied by injecting a single intravenous dose of 
glucose into hepatectomized normal animals immediately after operation. These animals also were 
divided into two groups, those with and those without ladneys. Diabetic dogs had been dqran- 
creatized tlirec days before hepatcctomy. The techniques for evisceration and true blood sugar 
determination have been previously described (6-S). 

Starting witli an immediate post-evisceration sample, blood for the determination of glucose 
w.os collected at jO-minute intervals until death. The results are plotted as percentage of the blood 
sugar value found immediately after evisceration or 10 minutes after the glucose injection. 


RESULTS 


The mlc of fall of blood sugar in Hvericss animaLs without kidneys was approxi- 
mately twice as rapid as in livcrlcss animals with liidncys. This finding was observed 
in both normal and di.nbclic dogs (fig. i, table i). The sundval time of both ne- 
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animals. An initial hyiDerglycemia, produced by a single injection of glucose into 
normal liepatectomized animals without kidneys, did not influence either the rate 
of fall of blood sugar or the survival time. The least rapid rate of fall in blood sugar, 
when all groups studied were compared, was found to be in the hepatectomized 
normal dogs with functioning kidneys given an injection of glucose (fig. 2). 


Table i. Rate of fall of tue blood sugar, as percentage of the hixtediate post-operative 

SPECIMEN, IN EVISCERATED HEPATECTOMIZED DOGS (E-h) AND IN EVISCERATED HEPATECTOMIZED 

NEPHRECTOMIZED DOGS (E-U-N) 


■■ 

TYPE OF DOC 

■■ 


NORVIAE 


DIABETIC 


Conditions 


Not given glucose 

Given i.\ 

. glucose* 

Not given glucose 

■■ 

E-H 

E-H-N 

E-H 

E-H-N 

E-H 

E-H-N 

min. 







0 

lOOi 


1003 


loos 

1005 

30 

76(^12) 

60 (±9) 

78 (±4) 

66 (±3) 

8s (±2) 

74(^3) 

60 

61 (±2) 

45 (±S) 

65(^5) 

47 (± 5 ) 

72 (±S) 

S2(±S) 

90 

47 (±3) 

32 (± 7 ) 

SI (±7) 

33 (± 7 ) 

57 (±3) 

37 (iS) 

120 

44 (±S) 

i 6(±4) 

44 (± 6 ) 

I 9 (±S) 

43 (±3) 

23 (±4) 

150 

2(5 (±3) 

7 (±6) 

34 (±6) 

3 (± 2 ) 

34 (±4) 

22 (±3) 

180 

22 (± 4 ) 


27 (± 7 ) 


26 (± 4 ) 

ii(d:S) 

210 

I9(±6) 


23 (±8) 


2o(db4) 


240 

I 4 (± 3 ) 


20 (±8) 


I 3 (± 7 ) 


270 

12 


i 4(±7) 


lo(± 4 ) 


300 

12 


lo(db6) 




330 



6 (±4) 




360 



6 (±4) 




390 



S 




420 



4 





1 i gm. of glucose per kilo I. V. immediately after operative procedure. 

* Time after the first post-operative blood sugar was taken. Actual average blood sugar con- 
centration = 1 = 97 mg%; j = 78 mg%; 3 = 249 mg%; < = 232 mg%; 5 = 3°+ mg%; « = ^72 nig%- 
The figures given in each column are the mean values; those in parentheses are the standard de- 
viations. 


DISCUSSION 

The kidney and the liver, both sources of blood sugar, might or might not re- 
spond identically to disturbed homeostasis. Both organs could store glucose under 
the same conditions or they could act so as to complement each other, the one stor- 
ing glucose while the other was releasing it. Hyperglycemia has been shown by 
Soskin el al. (9) to result in the hepatic storage of glucose; hypoglycemia had the 
opposite effect. 

Endocrine control of hepatic glucose production is not well understood. The 
results obtained by Crandall (10) in normal and depancreatized dogs yielded no 
evidence for over-production of glucose by the livers of diabetic dogs. In human 
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beings, however, the published results indicate the liver to Be the site of the over- 
production of glucose seen in the diabetic state (ii). 

Our results indicate that blood sugar levels have little effect upon renal gluco- 
neogencsis. The normal kidney releases glucose to the blood at all blood sugar le\'cls 
studied (7-300 nig.%). Within 30 minutes after evisceration, the blood sugar of 
the liveriess nephrectomized animal had already fallen more rapidly than that of 
its mate with intact kidneys. This result was observed both in normal dogs at nor- 
mal blood sugar levels (60-90 mg.%) and in normal dogs made hyperglycemic (blood 
sugar — 200-300 mg.%) by one injection of glucose. Since peripheral utilisation 


•% OfSiCiNAU 
Oi-COO SUGAR 


X ORlCtllAL 
euooo SUGAR 




Fig, 1 (lefl). Average rate or faix of blood sugar in normal and dial>clic livcrlcss dogs in 
the presence and absence of the kidney, (i), results of 7 norm.il hepatcctomizcd nephrcclomized 
dogs, (:), results of 7 normal hepatcctomizcd dogs with intact kidneys. {3), results of 6 diabetic 
hepatcctomizcd ncphrcctomizcd dogs. (4), results of 7 diabetic hepatcctomizcd dogs witb intact 
kidneys. 

Fig. s Aver.igk rate of fall of blood sugar in normal liveriess dogs, made b>'pcr- 

glycemic with one intravenous injection of glucose, and in diabetic liveriess dogs, in the presence 
and absence of the kidney, (i), results of 4 normal hepatcctomizcd ncphrcctomizcd dogs given one 
injection of glucose. (2), results of 4 normal hepatcctomizcd dogs with intact kidneys given one 
injection of glucose, (3), results of 6 diabetic hepatcctomizcd ncphrcctomizcd dogs (not given glu- 
cose). (4), results of 7 diabetic hepatcctomizcd dogs witb intact kidneys (not given glucose). 


of glucose increases with higher blood sugar levels (12), it is even possible that the 
kidney releases more glucose at liigher blood sugar levels than at low ones. 

Our results do not indicate control of renal gluconcogenesis by insulin. The 
rate of fall of blood sugar in the liveriess diabetic dog is slightly less than in the nor- 
mal hepalcctomizcd animal. This difierencc is of the same order of magnitude as 
that ob?er\-cd when the curve of decline in the blood sugar of the diabetic nephrec- 
tomized dog is compared to that of the normal nephrectomiacd animal. H the kid- 
ney of the depancreatiaed animal were the site of increased gluconeogcnesis, a much 
slower fall in blood sugar should have occurred after hcpatcclomy. In addition, 
the eviscc.mted diabetic dog at its normal blood sugar level (250-350 mg.%) utilizes 
approximately the same amount of glucose as does the norntal animal at its normal 
blood sugar level (60-00 mg.%) (12), If the kidney of the normal and diabetic 
ammal were to produce the same amount of glucose, the rate of decline in the blood 
sugars shovjld parallel each other. The results given in ftgure i show this to be the 
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case and may be interpreted as indicating similar rates of glucose production by the 
kidney of the normal and depancreatized dog. 

smaiARY 

The rate of decline of tlie blood sugar in hepatectomized dogs is more rapid in 
nephrectomized animals than in those with intact kidneys. This is true both in the 
normal and diabetic dog. Renal gluconeogenesis in normal animals occurred irre- 
spective of the blood sugar levels. The same amount of sugar appears to be con- 
tributed to the blood by the kidneys of normal and of untreated diabetic dogs. 
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PANCREATIC DIABETES IN THE CALF 

ELLEN T. COOK, J. A. DYE antj E. L. McCANDLESS 
From the Department of Physiology, Cornell University 

ITHACA, KEW YORK 

A SURVEY of the literature on the effects of pancreatectomy reveals rather 
striking species variations which may be correlated with the natural dietary' 
habits of the animals. Minkowski (i) and subsequent investigators found 
that dogs, cals and other carnivores develop a severe diabetes following removal of 
the pancreas. Under similar conditions, Carlson ct al. (2) and Lukens (3) observed 
much less marked diabetic symptoms in the pig. Lukens (4) also studied a strictl}’ 
herbivorous animal, the goat, and noted that the diabetic symptoms were not unlike 
those observed in the omnivorous pig, Greeley (5) obtained only a mild diabetic 
state in the depancrcatized rabbit. These and numerous other papers suggest that 
such species differences may be correlated with the endocrine balance which physio- 
logically regulates the underlying metabolic processes. To obtain additional infor- 
mation concerning species characteristics in intermediary' metabolism and iLs 
endocrine control, the following experiments on the carbohydrate metabolism of 
normal and depancreatized calves were undertaken. 

JUTERIALS AND METHODS 

Three young male calves, 5 to 3 weeks of age, were employed in these investigations. 'Fhc 
diet consisted of whole milk Uiroughout the experiments; tliis w.is supplemented with pancrcatin 
(Merck) after pancreatectomy. After .about a week of prcliminaiy training in each case, control 
blood and urine values were obtained. Blood samples were taken from the jugular vein. the 
use of elev.ated stanchions, continuous collections of urine could be made. 

Wien the animals were 5 to 7 weeks of age, complete pancreatectomy was performed under 
nembutal anesthesia; so mg/kg. of body weight gave excellent results. Operative recoveries were 
uneventful in calves r and j; calf i developed congestion of the lungs and died on the 2nd postopera- 
tive clay. 

'flic Somogyi-ShatTcr-Hartmann method (6) Avas used for the quantitative determination of 
blood and urine glucose. Urinarj’ nitrogen values were obtained Ijy the macro-Kjcldahl procedure 
(7). Urine ketone bodies svcrc determined, as acetone, by the method of lUivin (S). Liver and 
muscle glycogen percentages Avere obtained by the Good-Kramcr-SomogA'i method (9}. 

RESEXTS AND DISCUSSION 

Bhod Glucose. Tlte average blood glucose level of the normal calves was found 
to be Si mg/ioo ml. During the first 42 hours of fasting this dropped to an average 
of 40 mg/ ICO mi. With continued Lasting, hoAvever, a compensator}' rise in the gly- 
ccmic lcA*el occurred at about tlie 67th hour, and was followed by a second.ary fall in 
2 out of 3 cases (table 1). It Av.as found that the animals could be fasted for long 
periods. 4 to 6 dav's, without the lij'jxiglycemia becoming e.vtreme. 

Rf'Ctjvcd for ptiHicstion Xoverrsbi^r 
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Following pancreatectomy, on the other hand, the glycemia was roughly propor- 
tional to the food intake (figure i). Tlie hypoglycemia which developed when these 
animals were fasted was more extreme and occurred more rapidly than that seen in 


Table i. Efpect of fasting on normal calves 


noun 

BLOOD GLUCOSE, MO/lOO ItL. 

URINE KITEOCEN, Oil/KC/DAV 

CaK/ 

2 

3 

1 

2 

3 

0 

82 

86 

76 

0.13 

0.23 


19 



77 



0.28 

43 

56 

48 

42 

0.20 

0.27 

0.60 

67 ! 

66 

61 

47 

0.26 

0.32 

0.60 

91 ! 

70 

S 3 

S2 

0.26 

0.34 , 

0.83 

IIS 



4 S 



0-37 

139 j 



41 



O.S7 



TIME, HOURS POSTOPERATIVE 

Fig. I. Blood glucose postpancreatectomv. 


Table 2. Effect of fasting on depancreatized calves 



normal calves under similar conditions (table 2). On one occasion the fasting hypo- 
glycemia in calf 3 was 27 mg/ 100 ml. before the fast was terminated by feeding. 
Fasts longer than 2 to 3 days were not attempted in the diabetic animals. 

The average prefeedrng morning-value of blood glucose in the depancreatized 
calves was 188 mg/ 100 ml. After maximal feeding the glycemia increased to 378 
mg/ioo ml. in one instance (fig. i). An associated decrease in glucose tolerance m 
these diabetic calves was probably due to the same metabolic disturbance as the 
postprandial h3T>6rglycemia. 
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The possible factor or factors involved in the production of diabetic hj^jcrgly- 
cemia in tlie calf are obviously related to the diet. These may be one or more of 
the following; a) an increased rate of glucose absorption from the alimentar}'' tract; 
h) an increased exogenous gluconeogencsis;or c) a subnormal utilization of glucose by 
oxidation and storage. The first possibility appears to be unlikely; the other two 
will be discussed below. 

Urinary Glucose. Traces of glucose were excreted in tlie urine in both fed and 
fasted normal calves. In depancreatized diabetic calves, the glycosurias varied 
directly with the food intake and with tJhe associated blood glucose levels (table 2). 
The ma.xlmal glycosuria observed in calj 2 was 5.16, and in calf j was 9.64 gm/kg/day. 
The fall of urine glucose in the fasting animals shows the failure of the diabetic calves 
to maintain a glycemic level above the renal tlireshold when endogenous gluco- 
neogencsis is tlie sole source of blood glucose. 

That gluconcogenesis was accelerated in the normal fasting calf, however, is 
indicated by the postprandial hyperglycemia and a glycosuria of 0.45 gm/kg/day 
after the first feeding at the end of a preoperative fast in calf 2. 

Urinary Nitrogen. The usually accepted index to the magnitude of the gluconeo- 
genic process from proteins is tlie quantity of nitrogen excreted in the urine. In tlie 
normal animal, the amount of nitrogen excreted was increased with the fasting time, 
as tlie blood glucose fell (table i). Wien the fast was continued after the potli hour 
in calf 3, the urine nitrogen values began to decline. Folloiving pancreatectomy the 
average daily urinar)’- nitrogen excretion was increased from 0.23 to 0.34 gm/kg. in 
calf 2, and from 0.28 to 0.32 gm/kg. in calf 3, increases of 48 and 15 per cent, respec- 
tively. The values are not sufficiently high quantitatively to indicate that more 
than a small fraction of the available glucose was being produced from protein. It 
seems probable, therefore, that the principal factor in producing the diabetic h}’per- 
glycemia in the calf is a diminished glucose utilization. An analysis of the data on 
glucose tolerance and postprandial hvqierglycemia furnishes additional support for 
this conclusion. 

It was also observed that instead of the usual increase in nitrogen excretion as in 
tlie fasted normal calf, there was, if anything, a small decrease in the fasted diabetic 
calf (table 2). It can be seen, therefore, that the increase in endogenous glucose 
production from protein in the diabetic animals was slight in comparison with the 
normal calves. A relatively low level of gluconcogenesis under these conditions mzy 
account for tlie hj'poglycemia which develops during fasting. These results, v.'hich 
arc in marked contrast to those found in carnivores, would seem to indicate that 
calves have a poor mechanism for mobilizing body proteins and fats for gluconeo- 
gcncsis in comparison to that of tlie former group of animals. 

Kdonuria. Although ketonuria ivas not obscr\-cd in normal calves before pan- 
createctomy, slight amounts of ketone bodies were found in the urine of the depan- 
creatized animab. The .average quantity excreted by calf 2 was 0.97 (range 0.68-1.8) 
and by calf 3 was 0.34 (range 0.43-0.70) gm/kg/day. Fasting caused a complete 
disappearance of the ketonuria in and a decrease to 0.32 gm/kg/day in calf 3. 
The low-grade ketosis accounts, in part, for the mildness of the dlibetic syndrome in 
this species. 
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The above facts concerning ketonuria in diabetic calves may indicate: a) an 
unusually high level of ketone body utilization; h) a relatively low level of fat metab- 
olism; or c) a source of ketogenic substances which is primarily dieta^3^ Since it 
has been shown tliat the utilization of ketone bodies in the peripheral tissues is not 
affected by pancreatectomy in the dog (ii, 12), the first factor may be considered 
improbable. Because the ketonuria is decreased or abolished by fasting, it seems 

likely that the last factor is of primary 
significance. The levels of mobi- 
lization of body fat and of endogenous 
fat metabolism were apparently in- 
suflBcient to produce a ketonuria. 
The observation that the livers of these 
diabetic animals were not hea-vdly in- 
filtrated with fat adds evidence that 
the level of fat metabolism was not 
greatly increased. 

Glucose Tolerance. Because glu- 
cose is readily fermented in the 
alimentary tract of adult ruminants, 
oral glucose tolerance tests would be 
of little value in the study of carbo- 
hydrate metabolism in these animals. 
Since there appears to be no reliable 
information in the literature on when 
the rumen becomes functional in the 
young calf, intravenous glucose toler- 
ance tests w'ere employed; i gm. of 
glucose per kg. of body w^eight was 
injected intravenously and tlie sub- 
sequent blood glucose cursm plotted 
by taking successive blood samples. 
Representative curves are shown in 
figure 2. Thirty minutes after the 
glucose injection in normal animals, 
the blood glucose level averaged iS® 
mg/ioo ml. higher than the pre- 


34 5 v 0 I 


TIME, HOURS 


3 4 


A 

POS 

CALFH 
TOPERATIVE 
TEST 1 

1 0/5/44 






23 

PRE 

SMG 

Inje 




rfioF 
























rEST 

i 

POS 

FOU 

C/iiLFlI 
TOPERATIVE 
OWINGfASTOK 
L 10/9/44 






A 






\ 














ssg.-. 

L1JI 

49 

;tio 

mg” 



ILE 

u 



0 1 


» 5 O I 

TIME, HOURS 


Fig. 2 . Glucose toi^rance curves following 
intravenous injection i gm. of glucose per kg. body 
weight. 


injection level. After this, the curves fell with fair rapidity, and had similar slopes 
for all normal animals. The rate of utilization was apparently proportional to the 
concentration of blood glucose. In i to 2.6 hours the glycemic level had returned 
to normal. The curves then fell below the preinjection level where they remained 
for about 2 hours. 

Glucose tolerance curves for unoperated calves following 5-day fasts showed a 
decrease in the rate at which the blood glucose returned to normal. The blood glu- 
cose failed to drop to the preinjection level during the usual period of sampling. 
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In the non-fasting tolerance studies following pancreatectomy, the glycemic level 
rose an average of 201 mg/ioo ml. on the 3o-mmute sample. The curv-es were 
greatly prolonged and the blood glucose failed to drop to the preinjection level until 
after the 4th postinjection hour. The curv'-e for the depancreatized animal following 
fasting was even more prolonged and failed to drop to the preinjection level during 
the period of sampling. 

This prolonged curve in the depancreatized calf shows a marked decrease in its 
tolerance for glucose. Apparently this is due, m part, to the failure of the liver to 
maintain homeostasis and, in part, to the inability of the animal to o.vidize and to 
store the excess glucose adequately (12). 

The glucose excreted in the urine during these tests also serves as an indication 
of the tolerance for glucose. After subtracting the value of glucose excreted from 
that injected, it was found that an average of 90 per cent of the injected glucose was 
utilized in the normal calf. It is unfortunate that digestive disturbances caused fecal 
contamination of the urine of the depancreatized animal and thus prevented a similar 
analysis. On one occasion diabetic calf 2 excreted an equivalent of 74 per cent of 
the injected glucose on the day of a non-fasting glucose tolerance test. 

Postmorlcm Ohscnalions. Prolonged survival studies were not carried out in 
these animals. During the course of the experiments they increased in size but lost 
weight after pancreatectomy. In large part this probably was due to digestive 
disturbances which resulted from the absence of pancreatic juice. In other respects, 
however, they were in fairly good condition and could, no doubt, have been main- 
tained for a much longer time. Neither animal showed gross fatty changes in the 
liver. Autopsy re\'ealcd that pancreatectomy liad been complete in each case. 

Quantitative analysis of liver and muscle tissue gave glycogen values for cakes 
2 and j of 0.52 and 0.78, respectively, for muscle, and 2.28 and 2.55 per cent, respcc- 
tivel}'', for liver. These arc within the normal mammalian range alUiough those for 
liv'cr arc in the lower part of this range. 

SUJniARV 

The depancreatized calf exhibited only mild diabetic symptoms. Removal of 
the pancreas resulted in a fluctuation of tlie glycemic level above and below the 
average normal value of Si rag/ioo ml. in direct proportion to the food intake. In 
tlie fasting diabetic animal, the blood glucose dropped to more e.xtrcme hi'poglycemic 
levels, and more rapidly tlian in the fasting normal calf. The glycosuria of the 
depancreatized calf also varied directly with food intake and could be abolished by 
fasting. Urinarj' nitrogen was not excessive in the diabetic and failed to increase 
during fa.sting as it had in the normal calf. Ketonuria was negligible under all 
conditions. 

Glucose tolerance iras lowered both by fasting and by pancreatectomy. .Al- 
though the normal calf excreted ven* little of th.e glucose administered, non-fasting 
diabetic cclf 2 lo.st 74 per cent in th.ls manner. The terminal liver and muscle glyco- 
gen v.i!ues were in the lower limits of the normal range. The livers were normal in 
color: no gross dcjKfSition of fat was x-isible. 
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These results indicate relatively low levels of endogenous mobilization and meta- 
bolism of protein and fat in the depancreatized calf, 
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EFFECTS OF ALLOXAN ADISIINISTRATION IN THE CALF 

ESTHER L. McCANDLESS' and J. A. DYE 
Fmn the Department of Physiology, Cornell University 

ITHACA, NEW YORK 

T he obsen^ation of Cook, Dye and McCandless (i) that the blood glucose 
level of the depancreatized calf varies witli the food intake, dropping to 
hypoglycemic levels when the calf is fasted, created further interest in the 
role of insulin and the endocrine balance on carbohydrate metabolism in tlie young 
ruminant. To investigate the influence of a pure h}T3oinsulinism upon the inter- 
mediary metabolism of the calf, alloxan monohydrate was employed as a diabetogenic 
agent in the experiments described below. Alloxan produces a selective necrosis of 
the beta or insulin-producing cells of the pancreatic islets with little or no degenera- 
tion of the other cellular components of the islets or of the acini (2). 

METHODS 

Four Guernsey bull calves, 2 to 3 weeks of age, were used in these experiments. The feeding 
routine, general cxpcrimcnUil procedures and metlmds were similar to those described by Cook cl at. 
(i). After control studies had been carried out, alloxan monohydrate (Eastman) was injected in- 
travenously as a s-per cent solution in sterile distilled water; the injection time was less than 5 
minutes. 

The blood glucose fluctuations which occur .after alloxan administration were folloa-cd for 24 
hours or longer. Calf i received 6s> ^ind 175 mg. of alloxan/kg., at 4-, 6-, and 22-day inter- 

vals; calf s, a single dose of 150 mg./kg.; calf 3, roo, too, 100, 125, 123, and 150 mg./l;g. at 2-day 
intcrr-als; c-alf 4, 100, 125, r25, and 125 mg.Ag. at 2-day intcrv,als. In tlic attempt to produce a 
diuresis and thus to prevent alloxan-inflicted renal damage, which End proved fatal to calf 2, the 
last two .animals were given 6 liters of diluted milk (1:3) 15 minutes before alloxan administraU'on. 
Studies of blood and urine chemistry were carried out between alloxan injections to determine the 
efficacy of the drug as a dialrctogcnic agent in this species. 

Pieces of p.ancrcas, liver and kidner', removed immediately after death from cches 2, j, and 4, 
were fixed in Bonin’s and in Zenker’s acetic solutions. Sections were stained ivith the routine 
hematoxylin and cosin technique. Through the landncss of Dr. Gomori {3), pancreatic sections 
were also prepared with the chromc-hematoxj'lin and phloxin stain. 

RESULTS 

Initial Glycetmc Fluclualions after Alloxan Administration. With the exception 
of the guinea-pig, a rather typical triphasic glyccmic fluctuation occurs within the 
first 24 hours after alloxan administration in all species reported to date. An initial 
hyperglycemic pha.se usually develops i to 2 hours postinjection and is followed by 
a sccond.'irx' liN-poglyccmia. The third phase, diabetic hypcrglycevdiz, is usually 
present 24 to 4S liours after a diabetogenic dose of allo.xan has been given. In the 
guinea-pig this last phase is extremely slow to develop and is transitor}' (4). 

Received for publicatsoa Xo^Tmlxir 29. 194S. 
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In the calf, however, the initial hj'perglycemia was not observed after any of the 
15 alloxan injections given to 4 animals (table i). Although occasionally the blood 


Table i. Ixitial GLYCEinc fluctuations after alloxan AmiiNisTRATiox 
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glucose level increased slightly following alloxanization, this must be attributed 
wholly to the postprandial hyperglycemia which would follow the preinjection feed- 
ing. The glycemic rise was less following feeding plus the alloxan injection than after 
feeding alone. 
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After each of the first 3 injections in calf i and tlie single injection in calf 2, tlie 
blood-glucose level decreased steadily from the time alloxan was administered (figs, i 
and 2). In these cases, the animals had not been fed at the zero hour. A hypo- 
glycemia below 50 mg/ioo ml. was present in 2 to 4 hours. Hypoglycemias of this 
degree also developed in calves 5 and 4 which were fed before the injections, but only 
after the 4th and 2nd injections, respectively. 

The hypoglycemia was accompanied by severe convulsive symptoms in two 
instances, namely, after the administration of 175 and 150 rag/kg. in calves t and 2, 
respectively. These hypoglycemic con\nilsions, wliich are described in a prcliminar}' 
paper (5), were relieved by the intravenous administration of glucose, i'-- V-i vUi •, 



HOURS POST-INJECTIOtJ 



hours POST-!N,'ECTia< 


(Figs. 1 (upper) and 2 (Icm cr). IsTTiAt. rjespox.'i; to aixoxaj.’ rs'jrcnox. 


Not only the initial In'perglycemia but also the tertiary' phase, diabetic hyper- 
glycemia, was missing in alloxanized calves i, j, and 4. The terminal rise in blood 
glucose which occurred in calf 2 was the result of renal retention; this animal died 44 
hours postinjection witli complete coagulation nc-crosis of the renal convoluted 
tubules. In the other calves, the blood glucose returned to normal levels after the 
In'poglyccraic phase. 

Efccls pf A Ihxar: Advihusiraiiou. Although the doses of allo.xan which were 
injected intravenously into cakes 3 and 4 were of tlic range which Is diabetogenic for 
most species, histological examination of pancreatic tissue stained by the Gomori 
technique (3) showed no alterations Ixqfical of alloxan damage. Pancreatic Lslets 
present in the sections contained both alpha and beta cell-S. In calf 4, no pathological 


changes were observed. The pancreas of calf j, however, gave evidence of functional 


stress, in that she beta cells of tlie islets 


were markedly <iegranulate<i. 
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No islets were observed in the pancreatic tissue of calf z; however, it should be 
pointed out that this tissue may have been taken from the duodenal end of the pan- 
creas rather than the splenic end, in which islet tissue is most abundant (6). Recog- 
nizing this possibility, sections were taken from the splenic end of the pancreas in the 
last two experiments. Unfortunately, no tissues were obtained from calf i, as the 
animal died while on pasture approximately one year after the termination of the 
experiments; the carcass was not discovered until several days later. 

It is apparent that the doses of alloxan used, i.e, from 65 to 175 mg/kg., were 
insufficient to produce complete alloxan diabetes, even though these doses were re- 
peated frequently enough to have had a cumulative effect. Although beta cells were 
present in the pancreatic tissue of calves 3 and 4, postinjection observations indicated 
that the animals were abnormal in certain respects. Although postabsorptive hyper- 
glycemia was absent in the 3 animals which survived alloxanization, pos^randial 



I 2 3 4 5 6 7 8 

HOURS POSTPRANDIAL 

Fig. 3. POSTPRANDIAI BLOOD GLUCOSE. 


'T- 


hyperglycemia was observed on several occasions. In calf i m'nety-minute post- 
prandial values of 184 and 135 mg/ 100 ml, were obtained after the dose of 100 mg. 
of alloxan/kg., and a value of 136 mg/ 100 ml, after the last dose, 175 mg/kg. The 
maximum blood glucose values of alloxanized calves 3 and 4, determined two hours 
after feeding, were 173 and 182 mg/ioo ml., respectively. In normal calves which 
were given comparable quantities of milk, the maximal postprandial glycemic levels 


occurred at the 2nd hour and did not exceed 125 mg/ 100 ml. 

In the blood glucose curve determined in calf 3 a week after ffie last administra- 
tion of alloxan, the maximal glycemic rise not only failed to occur until the 4th hour, 
but was much higher and of greater duration than the curves observed in normal 
calves (fig. 3). The same was true of the postprandial blood-glucose curve studied 
on the ist day of feeding after a 4-day fast. It is therefore probable that the maximal 
postprandial hyperglycemia was missed in the earlier studies. Glycosuria was ob- 


served only in calf i, and in this instance it was probably due to renal damage. 

Another demonstration of the metabolic abnormality of alloxanized calves was 
obtained from intravenous glucose tolerance tests. Calf i showed a temporary de 
crease in tolerance after the 3rd alloxan injection; a 4th dose of the drug produced a 
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permanently low glucose tolerance, still present 143 days later. Calves 3 and 4 also 
showed a low tolerance for injected glucose after the series of injections had been 
completed. 

Aside from the postprandial hyperglycemia and the decreased glucose tolerance, 
however, no other manifestations of diabetes were observed. The urinary nitrogen 
excretion was not elevated significantly, nor was ketonuria present. 

Although tlie doses of alloxan used w'cre insufficient to destroy the insulin-pro- 
ducing cells of the pancreatic islets, severe renal damage was observed on histological 
examination subsequent to the death of the animals. Calf z died 44 hours after a 
single injection of 150 mg. of allo.xan/kg. had been given, having exhibited to.xic 
symptoms from the 38th hour. Anuria had been present from the time of the alloxan 
injection. The cause of deatJi was found to be complete coagulation necrosis of the 
renal convoluted tubules. A similar, though less acute, disturbance developed in 
calf I after the administration of 175 mg. of alloxan/kg. Oliguria and nitrogen reten- 
tion were severe, and hyperazotemia persisted for 7 months, when the blood NPN 
was 106 mg/ioo ml. Although calves 3 and 4 were not azotemic, histological studies 
showed severe glomerular and tubular damage. 

DISCCrSSIONT 

In view of the fact that normal beta cells persisted in the pancreatic islets of at 
least 2 of the 3 calves whicli sur\dved alloxanization, and that the sjunploms of both 
of these animals paralleled those of the other animal, calf /, the conclusion seems 
justified that the calf is refractory to tiic diabetogem'c action of alloxan in the doses 
given. The renal tissue of this species is apparently very sensitive to the destructive 
action of the drug, however. It is therefore doubtful that the calf can be used in 
further study of this form of experimental diabetes. 

Nevertheless, it should be mentioned that the metabolic abnormalities which 
did develop in the calves are those of an incipient diabetes. It is interesting to note 
that Shipley and Ranncfeld (7) obserN’cd a decreased glucose tolerance in rats treated 
with sub-threshold doses of allo.xan. Saviano (S) reported an abnormal tolerance for 
injected glucose in a goat whidi was also refractor>' to tlie action of alloxan. 

The most significant finding in this study, however, is the absence of the initial 
hyperglycemic phase and the rapid development of severe hypoglycemia aftcrallo.xan- 
ization. In this respect the normal calf bears a close resemblance to the hj'pophy- 
scctomizcd dog (9) and rat (10), and the adrenalcclomizcd rabbit (11) and rat (lo), 
none of wliidi exhibit the initial In'pcrglyccmia when alloxanized. 

The obser\'ation of Cook cl aJ. (i) that the glyceraic level of llie dcpancrcatizcd 
c.ilf is dependent upon the food intake lends further support to the theory' that this 
species possesses a low degree of pituitary'-adrenal function. The development of 
severe hypoglycemia in the fasting diabetic calf apj>cars to be peculiar to the species, 
.although the phenomenon is cha.racferisttc of the In-pophyscctomizcd diabetic 
(Houssay) dog. 


StriTMAEY 

Four young bull calves Jailer] to de%'elop comjdcte cxpc.'imcntcl diabetes after 
intravenaus adraimstration of single or repeated doses of alloxan r.'.nging from 65 to 
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175 mg/kg., and total doses from 150 to 700 rag/kg. Mild postprandial hypergly- 
cemia and decreased glucose tolerance were obser\^ed in the 3 calves which survived 
alloxanization. Severe renal damage was present in all of the animals. The normal 
calf, like the hypophysectomized or adrenalectomized dog and rat, fails to exhibit the 
initial rise of blood glucose after alloxanization. 

The authors express appreciation to Dr. G. Gomori for differential stmning of the pancreatic 
islet components, and to Dr. Peter Olafson for his aid in pathological diagnosis. 
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EFFECT OF EPEN'EPimiNE UPON THE TOLERANCE OF 
THE EVISCERATED RAT FOR GLUCOSE 

DWIGHT J. INGLE and JA]\IES E. NEZAMIS 
From the Research LahoratorteSy The Upjohn Company 

KADAMAZOO, MailGAN 

T hese studies Shou’ tJiat epinephrine can affect tlie glucose tolerance of tlie 
eviscerated rat and that the nature of response is related to the experimental 
conditions. When glucose witliout insulin was administered to eviscerated 
rats the addition of epinephrine did not affect glucose tolerance during tlie first 2 
hours but during 24 hours it caused glucose to disappear from Uic blood more rapidly. 
When glucose with insulin was administered to similar animals the addition of 
epinephrine caused a decrease in glucose tolerance within 2 hours which continued 
tliroughout 24 hours. 


SIKTIIODS 

i^Iale rats of the Sprague-Dawlcy strain were fed Arclicr Dog Pellets, At a 
weight of 185 to 205 gm., the inferior vena cava was ligated between tlie liver and 
kidneys in order to cause tlic development of a collateral circulation. Asepsis was 
preser\*cd in tliis operation. When tlic animals reached a weight of 250 (zte) gm. 
they were anesthetized (intraperitoneal injection of 18 mg. of cj'clopentcnyl-allyl- 
barbituric acid sodium) and eviscerated by the procedure of Ingle and GriffiUi (i). 
Hemostasis was attained by applying a gelatin sponge (Gclfoam, Upjohn) saturated 
with a solution of thrombin to the stumps of the oesophagus, colon, ligated vessels 
and between the muscle and skin when the incisions were closed. 

Solutions containing 0.9 per cent sodium chloride and a'arjdng concentration 
of glucose (C.P. Dextrose, Merck) with and without ciystallinc zinc insulin (Lilly) 
(4 u/24 hours/rat) and epinephrine hj^drochloride (Upjohn) were infused into the 
saphenous vein of the right hind leg by means of a constant-injection machine which 
delivered fluid from each of 6 s>Tingcs at the rate of 20 cc. in 24 hours. The glucose 
load is e.vprcssed as milligrams of glucose }5cr 100 grams of rat per hour (mg/ioo/h.). 
Insulin was given at the rate of 4 units per 24 hours. The infusions covered periods 
of 2 and 24 hour.s. Analyses of glucose were made on tail blood taken at llie end of 
the infusion periods by the method of Miller and Van Slyke (2). 


KXTHRnar.sTS a.vd results 

Experiment i (fig. i) covered a period of 2 hours. TwcK*e pairs of rats v,-erc 
represented in each group. Five groups of rats were given a glucose load of i6/ioo/h. 
Yv'ithout insulin. Epinephrine concentrations of i , 10, 20, 40 and 30 parts per million 
were tested and cause<l no significant change in the level of blood glucose. Three 

Is<-cclv«'j fer I'ViLt'catwn DcctnjWr 17, 
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groups of rats were given a glucose load of 72/ioo/h. with insulin. Epinephrine 
concentrations of 10, 20 and 40 parts per million each caused a significant rise in the 
level of blood glucose as compared to that of the control animals. 

Experiment 2 (fig. 2) covered a period of 24 hours. At glucose loads of 2 , 4 and 
6/ioo/h. without insulin all of the animals given epinephrine died of hypoglycemia. 
Three groups of rats were given glucose without insulin. Group i received 8/ioo/h. 




Fig. I. Effect of epinephrine 
upon the level of blood glucose at 
the end of 2 hours of infusion. 
Averages and range. Twelve rats 
per group. 



Fig. 2. Effect of epinephrine 
upon the level of blood glucose at 
the end of 24 hours of infusion. 
Averages and range. Twelve rats 
per group. 


with 20 parts per million of epinephrine; group 2 received 10/ loo/h. with 10 parts per 
million of epinephrine and group j received 10/ loo/h. with 20 parts per million 0 ^ 
epinephrine. In each group the level of blood glucose was depressed by epinephrine. 
Four groups of rats were given glucose with insulin. Group i was given 
40/100/h. with 10 parts per million of epinephrme; group 2 was given 40/xoo/h. wit 
20 parts per million of epinephrine and groups 3 and 4 each received 44/ioo/h. wit 
20 parts per million of epinephrine. In each group there was a significant rise in t e 
level of blood glucose as compared to that of the control animals. 
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DISCUSSION 

Although epinephrine was the first hormone to be isolated rn pure fo'rm and al- 
though its pharmacologic actions have been more fully explored tlian those of any 
other hormone, its r61e in physiological processes is still subject to debate. It lias 
been generally believed that tlie sole effect of epinephrine upon the level of blood 
glucose is due to stimulation of glycogenolysis in the liver. The results of the present 
study support the findings of some earlier investigations in showing tliat under certain 
conditions epinephrine has an extra-hepatic effect upon glucose tolerance. The 
conditions of these experiments were abnormal and the amounts of epinephrine 
administered were large. Therefore, the results may be of pharmacologic rather tlian 
physiologic interest. 

Bollman, Mann and Magath (3), Soskin (4), Soskin, Priest and Schutz (5), 
Soskin, Essex, Herrick and Mann (6) found no evidence that epinephrine inhibited 
the utilization of glucose by the liverless dog. On the other hand, Wilenko (7) 
reported that epinephrine injections into rabbits inhibited the oxidation of simul- 
taneously injected glucose as judged by the respiratory quotient. Colwell and Bright 
(8) claimed that epinephrine completely suppressed the oxidation of glucose injected 
intravenously into cats. Cori (9) presented evidence that epinephrine inhibits tlie 
glucose utilization by the muscles in rats. Cori also described one experiment on 
eviscerated rats given a glucose load of loo/ioo/h. with added insulin. At the end 
of one hour those animals which received epinephrine had higher average blood 
gluco.se values than did similar animals not receiving epinephrine, although there 
was considerable overlapping in individual values. 

A tliird result was obtained by Himsworlh and Scott (10) using Uie functionally 
hcpatcctomizcd rabbit. In this preparation epinephrine accelerated the fall in blood 
glucose, presumably because of its calorigenic action. 

In the present experiments the administration of epinephrine without insulin for 
2 hours was without effect upon the level of blood glucose but during a longer period 
epinephrine caused a lowering of the blood glucose level. In the presence of insulin, 
epinephrine caused a decrease in the tolerance for glucose. Thus we have obtained 
three different results each of which has been anticipated in the literature. In our 
studies it would appear that the factors of time and the presence or absence of insulin 
determine the nature of the effect of epinephrine upon glucose tolerance. It is not 
apparent that the inconsistencies in the literature can be explained upon this basis. 
Tiie rabbits studied by Himsworth and Scott (lo) had the pancreas intact and were 
not known to be insulin deficient, 3’et tlie administration of epinephrine accelerated 
the di.sappearancc of blood glucose just as occurred in our insulin-deficient eviscerated 
rats. A full explanation of the extra-hepatic effect of epinephrine upon carbohydrate 
metabolism cannot be made from the a\'ai!able data. 


SOrMAUV 


Eviscerated rats were infused intravenously with glucose with and without 
insulin for ix'riods of 2 and 2.', hours. When glucose without insulin w;ts given, (he 
addition of epinephrine did not affect glucose tolerance during a period of 2 hours but 
during a 24-hour ixTiori epinephrine accelerated the rate at which gluco.se *.vas 
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removed from the blood. When glucose with insulin was given to similar animals, 
the addition of epinephrine caused a decrease in glucose tolerance within 2 hours 
which continued throughout 24 hours. 
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WORK PERFORIMANCE OF ADRENALLY MSUFEICIENT RATS 
On^EN ADRENAL CORTEX EXTRACT BY CONTINUOUS 
INTRAVENOUS INJECTION 

DmCHT J, INGLE akd JAMES E. NEZAMIS 
From the Research Laboratories, The Upjohn Company 


KAXAilAZOO, inanGAN 


U P TO the present time \vc had been unable to sustain a fully normal ability 
to work in adrcnalectomized rats treated with adrenal cortex extracts, 
steroids or other therapy. In the present study it was found that adrena- 
lectoniized rats given large amounts of beef adrenal extract by constant intravenous 
injection were able to perform as much v/ork as normal and sham-operated rats. 

A second purpose of this report is to describe a rapid and simple method of 
adrenal enucleation without surgerj’- which may have a limited usefulness in acute 
studies of adrenal insufficiency. 


METHODS 

Male rals of tlic Spragiic-Dawlcy striiin which weighed soo ± 2 grams were used. TJicsc 
.mimals were free from parasites and infections. The diet was Archer Dog Pellets. Tlic procedures 
used for tlic stimulation of muscle were according to Ingle (i) with tlic following modification.'!. 
A Nerve Stimulator, Model B, Upjohn, was used to stimulate muscle at tlic rate of 5 limcs/second. 
The duration of cadi pulse was ro milliseconds and tlic intensity was 20 milliampcrcs. An electrode 
w.as placed on the lower tibia of one back leg and the second electrode on tlic contralateral back foot, 
thereby activating .all of the musculature of both hind legs. The gastrocnemius niu.'-dc of the left 
hind leg was weighted ivitli 100 grams. The distance Uiat Uic weight was lifted was registered 
on automatic work recorders. Each recorder revolution represented appro.ximatcly 400 grani-ccn- 
timeters of work. 

A solution of 0.9 per cent sodium diloride with or without beef adrenal extract (Upjohn) was 
infused into the jugular vein at a constant rate by means of a constant injection apparatus wliich 
delivered fluid from each of 12 syringes at the rate of 20 cc. in 24 hours. Tlie adrenal cortex c.xtrnct 
represented 40 gm. of beef adrenal gland per cc. and ivas free from .alcohol. Temperature was 
constant at 28 ± 0.5® C. 

Tlic adrenal glands were removed by the procedure described by Ingle and Griflilh (r). In 
the slmm operations tlic adrenals were c.xposed but not damaged, nie enucleations were done 
wili’out surgerv’ by jialpating the adrenal gland through the body wall and applying gentle pressure 
with the thumb and forefinger so tliat the capsule ruptured at a point dist.al to the pedicle .and the 
gland was extruded from the capsule. A layer of glome.'ulosa rrm.ains adherent to the capsule and 
is capable of regeneration but during periods up to 4S hours ll;c secrctorv- capadly of tlsis remaining 
tisrac is practically nil. Following enucleation tlic capsule fill.s with blood. The loss of blood is 
•almost ahv.ays slight and is confined to the immediate area of the capsule, Tlic eficclive appHcadon 
of tiiis proccxlurc requires extensive practice but can !>c made relialilc. The animals were subjected 
to the work test i.mmcdiatcly following Oi’^cnation. StimuLitio.n vras conti.nuc-d until the muscle 
c«sc(! to rvspo.ad, or for 24 hours. 


EXPERIMENTS AND EESUI.TS 

The data of titese experiments are summ-irized in figure i. Fiftex-n .mts were 
rcprcsentcti at cads dose level .and at each control condltio.n. The following doses of 

Btvrivrd for publication Dccc.mV'er ij, ipjS. 
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ACE were tested in bilaterall}'- adrenalectomized animals; o, 12, 16 and 20 cc/24 
hours. The following doses of ACE were tested in bilaterally adrenal enucleated 
animals: o, 2, 4, 8, 12, 16, 20 cc/24 hours. One group of rats had unilateral adrenalec- 
tomies and a similar group had unilateral adrenal enucleations. As controls, one 
group of normal rats was compared with a similar group having sham operations. 
Comparisons of adrenalectomized and enucleated rats at the same dosage levels of 
ACE were carried out at the same times. 

The administration of 2 and 4 cc. of ACE per dose did little to increase the work 
performance of adrenal enucleated rats above that of untreated adrenalectomized 
and untreated adrenal enucleated animals, but a dose of 8 cc. gave a striking im- 
provement in performance. Doses of 12 and 16 cc. were more effective and 20 cc. 
restored the performance of adrenalectomized and of adrenal enucleated rats to 
approximately the same levels as were shown by normal and by sham-operated 
animals. There was a tendency for the bilaterally adrenal enucleated rats to do 
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Fig. I. Effect of adeenal 
CORTEX extract upon work per- 
formance of adrenally insufficient 
rats. Averages. Fifteen rats per 
group. 


slightly more work than the adrenalectomized rats under comparable conditions but 
the two series of animals behaved otherwise in a very similar maimer. Unilateral 
adrenalectomy and unilateral enucleation each caused a significant reduction in tota 
work. 


DiscnossioN 

The experimental conditions of these studies represent a more severe stress than 
the work test which was standardized as a method of bio-assay (i) and the require- 
ments for ACE are greatly increased. The removal or inactivation of one adrena 
gland limits the ability of the rat to work. These data represent further proof t a 
the ‘needs’ for adrenal cortical hormones are very great during stress and show ^ 
the intact adrenal glands can secrete the activity equivalent of very large amounts 

of ACE. .-the 

In an earlier study (3) of adrenalectomized rats under similar conditions 

administration of ACE by continuous subcutaneous injection in amounts up to 20 cc. 
iii 24 hours failed to sustain a normal output of work. The continuous intravenou 
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injection of ACE is thought to simulate, as nearly as possible, the manner in which 
the adrenal cortices secrete their hormones into the blood. This procedure did 
enable the adrenalectomized and adrenal enucleated rats to work as w'ell as rats 
having intact adrenal glands. The possibilitj'- remains that the distribution of 
hormones in beef adrenal extract is not the most optimal mixture for the maintenance 
of resistance to stress. It is also possible that other substances not contained in 
ACE would enhance its potenc}'’ so that the dosage requirement could be reduced. 

From these and other data to be published it may be reasonable to conclude that 
non-surgical adrenal enucleation is a reliable method for producing temporarj’’ adrenal 
insufficiency. The advantages of the speed and simplicity of the method are obvious. 
Whenever it is desirable to completely inactivate all of the cortical tissue the adrenal 
glands must be removed surgically. 


SUMMARY 

A procedure is described for the non-surgical inactivation of the adrenal glands 
of the rat by palpation of the glands through the bod}’’ wall and enucleation by 
gentle pressure. 

Adrcnalectomized and adrenal enucleated rats were anesthetized with barbitu- 
rates and subjected to faradic stimulation of both hind legs at a frequency of 5 times 
per second. Adrenal cortex extract (ACE) was given by constant intravenous in- 
jection during a period of 24 hours. Doses of 2 and 4 cc. of ACE had little effect upon 
work; 8, 12 and 16 cc. had ver}' striking effects and 20 cc. restored the performance 
of bilaterally adrcnalectomized and of bilaterally adrenal enucleated rats to approxi- 
mately the levels of normal and sham-operated animals. Unilateral adrenalectomy 
and unilateral enucleation each caused a marked reduction in total work. There was 
a tendency' for the adrenal enucleated rats to perform slightly more work than the 
adrcnalectomized rats but the relativ'e responses of the 2 series to adrenal inactivation 
and to therapy were almost identical. 
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T he role of the adrenal cortex as a protective measure against fall in body- 
temperature in a cold environment is well known and has been reviewed 
recently by Swingle and Remington (i). The response to injections of 
cortical extract has been so consistent that bioassay methods for tliis extract have 
been developed by Selye (2) and by Roos (3) in which the degree of protection 
of rats against exposure to cold is used as a measure of activity. In all such in- 
vestigations rats 20 days of age or older were used. Recently reported studies by 
Hill (4) have shown that the albino rat attains its ability to regulate body tempera- 
ture in a cold environment at about the i8th day of life. It seemed of interest 
therefore to extend the study of the protective action of adrenal cortical hormones 
against cold to ages prior to the normal development of body-temperature control. 
The investigation here reported compares the protective effects of cortical hormones 
in rats younger than 18 days of age with those in older animals. 


METHODS 

The rats were exposed in standard, individual, ■udre nutrition cages in a large cold room (4 
X 12 X 7 ft.) at 4° to 7° C. High colonic temperatures were taken by means of an iron-constantan 
thermocouple and potentiometer as described by Buchanan and Hill (5). The thermocouple was 
inserted only during the time of taking the temperature. 

All comparisons of body-temperature control were made between animals within a litter; no 
comparisons w’ere made bebveen litters. For example, in a litter of 8 animals, 2 served as contro 
and 6 were adrenalectomized; 3 of the adrenalectomized rats were given adrenal cortical extract 
(cortin) during the experiment. 

The e&ciency of body-temperature control in a cold environment was tested on normal amma s, 
bilaterally adrenalectomized animals, and animals in which bilateral autotransplantations of 0 
adrenal glands were made into the superficial fascia of the thigh over the femoral vessels. “ ' 
renalectomies and transplantations were performed by a technique similar to that of Griffith an 
Farris (6). All operations were done under pentothal sodium anesthesia on the day preceding 
cold stress. Animals under 18 days of age were returned to their mothers over night following 
operations. Sham-operated animals were anesthetized and subjected to all surgical procedures m 
same manner as the adrenalectomized and gland-transplanted animals except that the adrenal g 
were not disturbed. 
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Upjohn’s adrenal cortical extract, which is in 10 per cent alcoholic solution, was used throughout 
tlie experiments and was given in two equally divided doses. It was administered subcutaneoush’ in • 
the hip region, near tlie base of the tail, unless otlicrwise stated. Doses were varied according to the 
ages and weights of the animals: 29- to 30 -d 3 y-old rats were given two equal doses each of 0.3 to o.d 
cc.; IS* to i8-day-o!d rats, two doses of 0.3 cc.; 10- to 13-day-old rats, two doses of 0,15 to 0.20 cc.; 
and S-day-old rats, two doses of o.ro to 0.15 cc. 

In an attempt to evaluate the possible r6le of the nen'^ous connections of adrenal 
glands in the response of the young animal to a cold environment, the e.'qjeriments 
tvhich utilized bilateral transplantation of the glands were performed. The animals 
in this c-XTieriment were 18 days old on the day of transplantation, and their resist- 
ance to exposure to a cold environment was measured on the same day a few hours 
before the operation. Following the transplantation, they were given maintenance 
doses of cortin for 5 days. On the 13th and the 21st day following the transplanta- 
tion, they were again subjected to the cold enxdronment. After the last subjection 
to cold, the success of the transplantation of the adrenal glands was determined 
either by gross and microscopic observation of the transplantation site and the in- 
ternal organs of the animal at the time of autopsy, or by subjection of the animal to a 
, test of adrenal insufficiency, or by both. The test of adrenal insufficiency consisted 
in the observ'ation of sur\'ival time after removal of the transplanted adrenal from 
its location. 

In all, 222 albino rats were subjected to stress in the cold room. The ages 
of the rats were S, 10 to ii, 12 to 13, 15, 16, 18, and 29 to 30 da3's. The animals 
within each age group were subjected to different c-\perimental procedures and 
compared with the normals. The different c.xpcrimental procedures whose effects 
were studied consisted of adrenalectomy with and without cortin, sham operation 
with and without cortin, and the administration of cortin to the normal unoperated 
rat. When administered, cortin was given at x-arious time intervals before and 
during the subjection to cold as is discussed later and as is shown in the charts. 


RESULTS AXD DISCUSSIOX 

Nervou.s connections to the adrenal glands were found not to be essential for 
maintenance of bod3’'-tcmpcraturc. One litter of 7 rats, iS da3'S of age, was sub- 
jected to cold stress for 4 hours; the results arc illustrated in fig. lA, where, as in all 
the other charts, the cun-es represent the mean %-alucs of tlie individual determina- 
tions and the numbers in parentheses at the right of ffic curve indicate the number of 
rats represented b}* the curve. During this fii^t subjection to cold, all 7 animals 
were able to maintain their normal bod3'-tcmperalurcs. A few hours after the cold 
stress, 4 rats were subjected to autotransplantation of the adrenal glands, rind one 
rat was subjected to a sham operation. leaving 2 normal unoperated rats as controls. 
Wlien tins same group of 7 rats was subjected to cold stress a second time, 13 d.a3’.s 
later (fig. iB), the normal and shnm-ox>er3tcd rats maintained norm.?.! borh’-tempem- 
ture, but the animals with the transplanted adrenals showed a r® to 3''C. drop in bodv*- 
temperature in 3 hours and a 3° to 5*C. drop at the end of 4 hours. Eigltt dav-s 
after this (fig. iC), the same group v.-as subjected to cold stress a third time, but 
for onlv 3 hours. The norm.?!, sham-opera'ed, and 3 of the 4 arJmal.s with tlie 
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transplanted adrenals maintained their normal body-temperatures, but the 4th 
animal with the transplanted adrenal showed a g°C. drop in 3 hours. This animal 
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Fig. I { upper ). Bodv-temperature regulation in i litter of 7 rats. Adrenal transplanted, 
sham-operated and normal animals. ^ 

Fig. 2 { lower ). Body-temperature regulation in 4 litters of 32 rats 29-3o^days of age. 


showed anal bleeding during the time of the last subjection to cold stress. T e 
body-temperature of this animal may have fallen because of accidental mechanica 
injury incurred in taking the colonic temperature, or because of lack of 
tissue. It died a few days after this third exposure to cold. Two of the anima 
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with transplanted adrenals were killed 10 days after the last subjection to cold 
stress and, at autopsy, both showed good growths of the adrenal glands at the site 
of the transplantation. Neither showed any grossly obser\\able adrenal tissue in 
the normal gland site, in the perirenal fat or anywhere in the abdominal cavity, 
hlicroscopically, both showed survival of cortical adrenal tissue at the site of trans- 
plantation with sufficient distortion of architecture to indicate regeneration of cells 
and multiplication of vascular channels. The insufficiently vascularized medullary 
portion showed complete necrosis. The 4th animal with the transplanted adrenal 
was subjected to the physiological test of adrenal insufficiency rather than to autopsy 
observation alone. This rat was anesthetized 12 days after the last e.vposure to cold 
and the adrenal glands were removed from the site of transplantation. Grossly and 
microscopically, the transplants showed survival of cortical adrenal tissue. The 
animal died 17 days later. Observation at autopsy detected no adrenal tissue in the 
animal, either grossly or microscopically. 

Another litter of 5 animals of the same age (the data of which are not presented 
in a chart) was subjected to the same body-temperature reaction studies. Three 
of these 5 rats had the adrenal glands transplanted, one was sham-operated, and 
one was a control. The entire litter showed good maintenance of body-tempera- 
ture in the cold environment and 3 of the animals with transplanted adrenals main- 
tained their body-temperature during the third subjection to cold. Twelve days 
after the last e.xposure, the transplanted adrenals were removed and 2 of the animals 
died within ii days. At autopsy, these animals showed no grossly recognizable 
adrenal tissue. Microscopic studies were not made on these 2 rats. The third 
lived 40 days and was then killed. Although gross inspection at autopsy showed 
what might have been diffuse adrenal tissue in the fat near the site of transplantation, 
no cortical cells could be detected microscopically. However, a nest of cells con- 
sistent with cortical cells was obsen'cd in microscopic section of the perirenal fat. 

It was necessan' to test the conformity of our animals to the previously re- 
ported reactions to cold stress (2, 3). That they did conform is shown by the results 
obtained with 29- and 30-day-old rats (fig. 2). Four litters of animals (32 rats) of 
these ages v.'erc subjected to cold for 6 hours, or, in those whidi failed to regulate, 
until the body-temperatures had fallen 2o°C. Good maintenance of body-tempera- 
ture, with little individual variation, was observed in the following grou})s: S normal 
unoperated rats; 4 nonnal unoperated rats that received cortin 3 hours before and just 
before stres.s; 2 sham-operated animals; and one sham-openited animal that also re- 
ceived cortin 3 hours before and just before stress. However, the group of adrenal- 
eciomized animals, both with and without cortin, showed great variations. Nine 
adrenaleclomized rats showed decreases in body-temperature within 6 hours. One 
showed a drop of 17° C. in 3^ hours, another 16° C, in 4 hours, but one showed 
only a 3'’ C. drop in 6 hours. This last reaction may have been the result of in- 
complete adrenalectomy. Since the body-temperatures of 2 animals had dropjysd 
mare than 20° C. before the end of 6 liours, their probable body-tem^ycnitures at 
the 6th hour were estim.ated. Inking into consideration these 2 animals and the 7 
animals which remained in the cold room for 6 hours, an appro.ximaie average lein- 
J>eratua‘ fall of about 15“ C in 6 hours occurred in this group of adrcnalectoraized 
mcs which did not receive conisi. 
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Eight adrcnalcctomized rats received c6rtiri 3 hours before and just before 
stress. The body-temperature of one began to decrease within one hour and showed 
a decrease of 18® C. in 6 hours. The other 7 maintained their body-temperatures 
well for 3 hours and then showed a slow decrease. The maximum loss of body- 
temperature of any one of these 7 animals was 9° C. in 6 hours and the average 
loss for the 7 animals was 3.6° C. in 6 liours. This drop in body-temperature shows 
good regulation as compared with the average body-temperature loss of 15° C. 
in 6 hours in the adrenalectomized rats that did not receive cortin. This set of ex- 
periments shows that the adrenal cortical hormones protected these 29- and 30-day- 
old animals against exposure to cold. 

Considerablj’’ different results were obtained with one litter of 5 animals 18 
days of age (fig. 3). Good maintenance of body-temperature was accomplished 
by one normal unoperated rat during 4 hours in the cold room. Two adrenalec- 
tomized litter mates that did not receive cortin showed temperature decreases of i9°C. 
in less than 3 hours and x’j° C. in 3^ hours, respectively. The response to cold of 
the 2 remaining adrenalectomized litter mates that received cortin 3 hours before 
and just before stress v'^aried markedly. One showed good body-temperature 
regulation with a drop of only 5° C. in 4 hours of stress. The other showed a drop 
of 20° C in 3I hours. This variability of body-temperature regulation at 18 days of 
age is consistent with the transition period of regulation in normal rats as described 
by Hill (4). 

That this transition period may begin as early as the i6th day of life is shown 
by the results obtained with a litter of 7 unoperated animals (fig. 4). Four rats 
were injected intraperitoneally ivith cortin one hour before cold stress (fig. /J.. 4 ) and 
compared with 3 litter-mate controls (fig. 4B), At the end of 3 hours in the cold 
room, the body-temperature of 4 cortin-injected rats had decreased approximate!}' 
2.5°, 6°, S°, and 10° C., respectively, and by the end of 4 hours had fallen about 
3o°) 9°> 13°! nod 22° C. In comparison, the 3 uninjected controls had decreased 
2-5°) 6-5°} and 22° C., respectively, in 3 hours. The one showing the 22° C. de- 
crease was removed from the cold room at this time. The 2 remaining rats showed a 
final decrease of 4° and 17° C. in body-temperature in 4 hours. When the estimated 
4-hour body-temperature of the rat which had been removed from the cold room at the 
3rd hour was averaged with the other 2 final temperatures, the average fall in the 
3 control animals was about 16° C. This is comparable to the average temperature 
drop of 12° C. demonstrated by the 4 animals which received cortin. Since the 16- 
day-old group is represented by so few animals, the small differences ma}' or may 
not be significant, but there is certainly an indication that in some litters the transi- 
tion period may begin at about this age (4). 

In a litter of 7 rats 15 days of age (fig. 4C and D), 4 unoperated rats injected 
with cortin 17 hours' before and i-hour before stress reacted to cold in a manner 
similar to their uninjected litter mates. At the end of the stress period (i^ hours) 
the average fall in body-temperature of the injected group was about 13° C., and 
that of the uninjected group about 15° C. Whereas the cortin may have had some 
slight effect, it did not enable the injected animals to maintain their body-tempera- 
tures. 
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In the 29 and 30 day old rats cortical hormones, whether normally preseni or 
injected into the adrenalectomized animal, showed a definitely positive protective 
effect against decrease in body-temperature when the rats were exposed to cold. 
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ritis effect was not constant in the iS, id and 15 day old rats. In rats lounger 
than this, tht> cortical hormone^ had ab<m!utely no protective effect ag.iinst fh'- 
crease in body-temperature as ivas demonstrated in nl! cxj^crimcnts on rats Jess than 
55 days of age. 
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Animals 13 days old and younger decreased in body-temperature more rapidly 
than the older ones, so that they were removed from the cold roorn in less than i 
hour. Many of these young animals, especially those adrenalectomized and shara- 
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Fig- S (upper). Bodv-temteratuke regulation in 12 litters of 88 rats 12 and 13 days of age- 
Fig. 6 (lower). Bodv-temperature regulation in 10 litters of 60 rats 10 and ii days of age. 


operated, had an original temperature below that of the usual 37° C. and for that 
reason they were removed from the cold room when their body-temperatures fell 
below the level of 17° to 20° C. This was in contrast to the 29- and 39-day-oId group 
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whicli v,’ere removed from llie cold room when their bod3''-temperaturcs had fallen 
20° C. below the original value, 

Bodj’^-temperature regulation was studied in 88 rats 12 and 13 days of age, 
Thirtj'-cight rats were used to establish the efiicicnc}'- of bod3'-temperature regulation 
in a cold environment b>'’ normal rats of that age (fig, s,-!). The values of the 
individual determinations are somewhat scattered on both sides of the cur\’e rep- 
resenting the mean, but approximatcl3’' the same t3'pc of scatter is observed on a 
parallel cur\’c (fig, 5/!) obtained from the mean value of the individual determinations 
of bod3'-temperaturc of 17 unoperated rats which received cortin 3 hours before and 
just before stress. To determine whether larger doses of cortin would modif3' the 
results, a third injection of cortin was given after 20 minutes of cold stress to 6 rats 
which had received the drug 3 hours before and just before stress (fig, 5C) in the 
same manner as the former group (fig. 5/1). The3'’ showed no better temperature 


Fig. 7. BoDy-THiirnRATunB acGtrLATio.v in 3 
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regulation than cither of tlie other groups. Furthermore, administration of cortin 
17 hours before and one hour before cold stress (fig. ^E), or one hour before and just 
before stress (fig. gD), also failed to prevent a temperature drop similar to that ob- 
served in the uninjccled animals. Sham-operated animals with (fig. 5(7) or without 
(fig. 5/') cortin showed a mean bod}'- temperature droj> parallel to lh.it of the un- 
treated controls. ,\drcnalcctomi?,cd rats {fig. 5//) did not decrease in bodt'-tempera- 
tuTc any more rapidly than did the normals. Adrcnalectomizcd rats that received 
cortin (fig. 5/) did not decrease in bod3'-temperaturc air/ les’^ rapidly’ than did the 
adrcnalectomiml rats that did not receive cortin. Whether normal, .sharn-opcrated 
or lulrcnalectomir.ed, and whether or not cortin was given, all rats 32 and jj day.s of 
age showeil a decrease in body-temperature of approxim.ately' the same rate when 
esposed to a cold environment. T.his is in contrast to the reactions of 2;> and Re- 
illy-old animals, in vduch cortical hormones altered the response to cold. 

The <lccre.'ise in hody'-temji'eraiure of the 10- and i i-day-o'd ra.ts, v:htn ewnnsed 
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to a cold environment, was more rapid than that of the 12- and 13-day-old rats 
(fig. 6) which can probably be explained by the difference in the size of the animals 
(4). The extent of individual variations of decrease in body-temperature from the 
mean values is about the same in the two age groups. Results with both age groups 
(figs. 5 and 6) emphasize the fact that cortical hormones have no protective effects 
against decrease in body-temperature in rats younger than 16 days of age. 

Since the cortin was in a 10 per cent alcoholic solution, the possible caloric 
effect of the alcohol was tested on 6 rats, 10 and ii days of age (fig. C)B), by the 
parenteral injection of isotonic saline containing 10 per cent alcohol. The results 
show that it is unlikely that alcohol in any way alters the rate of decrease in body- 
temperature in rats of this age. 

Since the administration of cortin, 3 hours before and just before stress, to 
10- and ii-day-old adrenalectomized rats did not give a protective effect against 
fall in body-temperature (fig. 6G) as compared with untreated adrenalectomized 
rats (fig. 6F), a shorter time inteiAml between injection and exposure was tested. 
When cortin was given one hour before and just before stress the response to cold 
was not altered. 

This same approach was used in 8-day-old rats (fig. 7) in which cortin was 
administered at two different time intervals to unoperated rats. The average 
rate of decrease in body-temperature is the same in all cases whether no cortin was 
administered (fig. 7^!), whether cortin \vas administered 3 hours before (fig. 7 ^)> 
or whether cortin was administered one hour before and just before stress (fig. iQ- 
The reasons for the failure of adrenal cortical hormones to protect against 
decrease in body- temperature in rats younger than 16 days of age are still unknown. 
These experiments suggest that the action may be mediated through some mechanism 
not yet developed in the young animal. It is possible that this mechanism is en- 
zymatic in nature. Studies to test this hj^iothesis are now under way in this labora- 
tory. 

sxmM.\RY 

The adrenal cortical hormones offer no protection against decrease in body- 
temperature in rats under 16 days of age when exposed to a cold environment. 
This is in contrast to the effective protection provided bj'’ these hormones in older 
rats. These experiments give strong evidence that the adrenal cortical hormones 
may function in protection against cold through a mechanism that is not developed 
before the i6th day of age. 
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ANTITHYROID ACTHTTY OF ERGOTHIONEINE 

MARY L. \VILSON and D. A. McGINTY 
From Ihc Research Laboratories of Parke, Davis and Company 


DETROIT, inancAN 

T he recent papers of Lawson and Rimington (i) and Astwood and Stanley (2) 
presenting conflicting data on the antithyroid activity of ergothioneine, a 
naturally occurring constituent of blood, aroused our interest in evaluating 
this compound for antithyroid potency by the technics used in our laboratorj*. Fur- 
ther incentive was provided by the observations of Latner and Mobray (3) who found 
that the fasting red blood cell ergothioneine was lower than normal in four patients 
with thyrotoxicosis and loiv normal in two others, Pitt-Rivers (4) lias obser\*cd 
recently that ergothioneine inhibits the converson of acetyldiiodotyrosine to acetyl- 
thyroxine in vitro. 

The c.xperimcnts of Lawson and Rimington on rats indicated that ergothioneine 
possessed an antithyroid activity essentially equal to that of thiouracil, a not 
unexpected finding in view of the potency of many mercaptoimidaaole derivatives 
(5-7). However, in man and in rats as well, Stanley and Astwood found that ergo- 
thioncine in substantially large doses was completely inactive, Our data, in agree- 
ment with those of Stanley and Astwood, show that ergothioneine is not anti- 
thyroid in the monkey and rat. 


PROCEDURE AND RESULTS 

Chronic Feeding Experiments in Eats. TJie technic used was identical with that 
described in an earlier publication (8). Immature rats of 40 to 50 grams initial 
weight were given ergothioneine mixed with their diet for a period of 10 days. 
Thyroids were removed, weighed and analysed for iodine content. Results are 
shown in table 1 which includes for comparison thyroid v, eight and iodine concentra- 
tion of untreated and of thiouracil-fcd control rats. 

It will be obscr\'cd from these results that ergothioneine has no antithyroid 
activity in the doses used. These negative findings agree with those of Stanley and 
Astwood (2) who fed young rats a diet containing 0.03 per cent ergothioneine or in- 
jected them %vith 5 mg. daily of the drug for 10 days. 

Rodiolodinc Absorption by Rat Thyroids. The method is based on the inhibitor}' 
cfTcct of anlith\'roid compounds on the natural capacity of the thyroid to concenlrate 
iwiinc for hormone synthesis. Details of the procedure ustti were described by 
McGint}' ft c/. (cA for evaluation of certain goitrogens using the single injection 
technic. Ergothioneine nns injected subcutaneously into groups of 140 to i^o-gram 
rats. .After one hour, mdioiadide was injected int.rat>eri!oncalIy. Four h.ours after 
radioiodidc .'jdmiuistrrdion, thyroids ‘.verc removed, digested i.n KOH s-alution and 
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the radioactivity measured on aliquots of the digest and on samples of the radioiodide 
injected. In each experiment the percentage of radioiodide collected by the th}Troid 
is calculated from tliese measurements and compared with that collected by the 
thyroids of untreated controls given radioiodide at the same time. In table 2 these 
values are presented as ratios and also as percentage of control uptake. 

It will be observed that 8 mg. of ergothioneine exerted no block to iodine collec- 
tion by the tigroid gland whereas thiouracil was fully effective at .5 mg. and partially 
effective at .25-mg. doses. 


Table i 


DHUC 

COKC, 

rooD 

DAILY INTAKE OF 
DfiCC/lOO-CU.BAT 

TnYKOID AVT. 

ug/100-gu. eat 

thyeoid iqdk^e 

CONC. 


% 

ns. 


ns. % 

Ergothioneine HCl ■ 2H«0 

.06 

6.7 

S.S 

SI-2 


•03 

3.6 

8.7 

66.0 


.01 

1.2 

9.8 

58.4 

Thiouracil 

.03 

3-2 

24.0 

1 

2.0 


.01 

I.I 


7.0 

Untreated controls 

j 



62.0 


3 rats per group. Thyroids pooled for iodine analysis. 


Table 2 


DRUG 1 

DOSE, MG. 

RATIO % Ral COLLECnON'-TREATED TO 
CONTROL RATS 

% UPTAKE Ral 

Ergothioneine* 

s 

ii.i±i.7/li.S±i.4 

96.5 


4 

i3.i±i.5/ii.5±i.4 

114.0 


2 ! 

io. 4 ±o. 4 /ii. 5 ±i .4 

90-3 

i 

I 

i2.4±i.o/ii.5±i.4 

108.0 

Thiouracil* 

I 

0.7±0.l/ll.0±0.2 

6.4 


0-5 

2. i±o. 3/50.5^1. 7 

6.9 


0-25 

6.2dbo.7/24.7±3.3 

25-1 


^9 rats per group. 


Radioiodine Uptake in Monkeys. The technic employed was adapted from that 
used by Stanley and Astwood (10) for evaluating antithyroid drugs in human sub- 
jects and described by them in detail. At the start of the esperiment, 4 to 7-kg- 
monkeys were injected intravenously with 20 microcuries Beginning shortly 
thereafter, radioactivity counts were recorded over the neck region at intervals up to 
24 hours. Ergothioneine was administered either orally in a capsule or intravenously 
in saline solution. In parallel experiments, thiouracil was given orally. In all cases, 
the drugs were administered 3 hours following radioiodide injection at which time 
recorded neck coimts plotted against the square root of the time in minutes ha 
established an ‘accumulation gradient’ characteristically linear for at least 12 hours. 
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Effectiveness of an active antithyroid substance may be estimated from deviations 
from the slope of the accumulation gradient. 

Figure i shows the results of four experiments. Tiie lower two curves demon- 
strate the deviation from the accumulation gradient resulting from two doses of 
thiouracil, one moderately effective and the other fully effective, along with control 
curves on the same animals. The upper two curves show the results of large doses of 
ergothioneine administered orally and intravenously and their respective controls. It 
will be observ’^ed from tliese curves that ergothioneine in the doses indicated was 
ineffective in altering the rate of iodine absorption by the thyroid and therefore 
exerted no effect on the liormone syntliesis mechanism. Tliiouracil, on the contran,' 



Fig. I. CoitPATuso.v OF Acrio.v of ergothioneine .nnd thiouracil on the rate of radioiodine 
aljsorption by the Uiyroid gland of the monkc}-. 

in a dose as small as 25 mg. (6 nig/kg.) interfered with iodine utilization beginning 
shortly after adntinislration of the drug and persisting for approximately 4 hours 
witen the upward trend of the absorption curve indicated resumption of hormone 
synthesis. In a dose of 123 mg. (25 mg/kg.) thiouracil was effcctit'e for at least 
24 hour.«. 

mscvssios 

In their discussion of Astwood and Stanley’s paper, Lav/son a.nd Rimington (i) 
point out that ergothioneine injected intramuscularly or subcutaneously in daily 
tSoses of too mg. failed to bring about any reduction in the basal reeiabolic rate of two 
thyrotoxic patients, one of whom was treated for 17 days. Thej.* suggest on the 
basis ot ergothioneine urinan* excretion studies on normal persons, that this dose 
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may be wholly inadequate. Whether inactivity is due to rapid metabolic destruction 
of the compound or to rapid excretion is not known although Latner and Mowbray 
have suggested that the latter is the more likely explanation. 

Examination of available biological data in the rat (7) on 2-mercaptoimidazole 
and its 4-alkyl derivatives reveals a wide range of antithyroid activity even among 
closely related compounds. Thus, 4-n-propyl'2-mercaptoimidazole exhibited an 
activity 4-5 times that of thiouracil and some 3 times that of the parent compound, 
while the 4-n-amyl derivative was virtually inactive. Similarly, 4-cycIohe.xyImethyi- 
2-mercaptoimidazole showed no activity whereas its aromatic analog benzyl-2- 
mercaptoimidazole was at least as active as thiouracil. Ergothioneine, the methyl 
betaine of mercaptoimidazole, may well belong to the inactive group of compounds. 

SUMMARY 

Ergothioneine in doses substantially larger than effective amounts of thiouracil 
exhibited no antithyroid activity in the rat and monkey. 

The ergothioneine hydrochloride dihydrate used in the experiments was kindly supplied by 
Dr. J. J. Pfiffner of the laboratory of Parke, Davis and Company. 
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ORAL EFFECTIVENESS OF D ,L-THYROXINE IN 
CRYSTALLINE, MONOSODIUM, AND DISODIUM 

FORIMS^ 


R. A. MONROE and C. W. TURNER 
From the Dcparlmenl of Dairy Eusbandry, University of Missouri 

COLUMBIA, MISSOURI 

I N VIEW of tlie obvious importance of the thyroid hormone in clinical therapy 
and its effect on the productive processes of livestock, the problem of the 
absorption of thyroxine from the gastrointestinal tract is of great interest. 
Apparently the oral efficacy of thyroxine depends a great deal on the form in which 
the hormone is administered. This fact is shown clearly by studies on urinary 
iodine excretion (r, 2) and the calorigenic effects of various thyroxine compounds (3). 

It is an clcmentaiy’ chemical fact that thyroxine is virtually insoluble in water 
but can be dissolved if the solution is made markedly alkaline. It seems logical 
to assume, therefore, that dissolved thyroxine or the more soluble forms of thyroxine 
should be more easily assimilated. A perusal of the literature on this subject 
indicates that this e.xpectation seems to be justified. 

Tim?, Scliittcnhclm and Eisler (4) found that when thyroxine was introduced in alkalin- 
soiution into tiic isolated intestine of the dog, 90 per cent of the iodine thus .administered was abc 
sorbed in from 2 to 12 liours. On the other hand, the same investigators found that, in man, after 
the administration of llic same amount of thyroxine in crystalline form, they could recover 86 per 
cent of the administered iodine in the feces. At best, then, only 14 per cent was absorbed. 

Likewise, Elmer and Rychlik (2) observed the urinary iodine elimination in man after the 
oral administration of thyro.xine, both crystalline and in alkaline solution. \Micn pure crystalline 
thyroxine was given prr os, only 6 per cent of the introduced iodine could be recovered in the urine 
in 24 hours. On the other Iiand, after the administration of the same amount of thyro.xine {1300 7I) 
in alkaline solution, 14 per cent of the iodine was c-xcrcted in the urine in 24‘hours. .An equivalent 
dose of potassium iodide resulted in the elimination of 31 per cent of the introduced iodine. These 
observations bear out, in substance, the results of other investigations on urinary iodine elimina- 
tion (i, 5, 6). hilmer (;), in his book on iodine metabolism, also pointed out that the rapidity of 
increase and decrease in blood iodine depends on the form of thyro.xine used, solubility apparently 
being an important factor. 

Tl’.e above c.x|>criment5 show unmistakably that the absorption of thyroxine, as indicated 
by the urin.arx* iodine c.xcrction. depends to a large extent on the solubility of the thyroxine compound 
administered. It should be noted, liowcvcr, that the diminished absorption of thy-ooxine as com- 
pared to that of potassium iodide is apparently not the only reason for less iodine elimination. Bde 
and nirner (tl found that even after thyroxine is injected intravenously the urinary iodine excretion 
is Iwth sm.allcr .and longer delayed than after the injection of the same amount of iodine in the form 
of jvotas'ium iodide. 

ITompjon, rl c 7 . (3) usc-J a different approach to the problem of determining the oral efficaej' 
of thyroxine and its .ralt.c. Tncy studied the effects of lhc.se forms of thyro.xineon the basal metab- 

Rcccived for publication Xovcmlxtr 16, 194S. 
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oiism of three myxedematous patients. On this basis it was found that the disodiuni salt (thyroxine 
in alkaline solution) was the most effective. Monosodium thyroxine tablets were found to be one 
third as active as the disodium form; and pure crystalline Uiyroxine contained only one thirlj'-fifth 
the activity of the monosodium salt. These workers, too, concluded that the solubility of the com- 
pound administered was the most important factor in the absorption of thyroxine from the gastro- 
intestinal tract. 

It seemed tvorthwiiile to the authors to pursue this study further especially 
since a method is now available wliich, we believe, would give a more accurate 
indication of the relative activity of the various thyroxine compounds. Also, it 
seemed that if solubility is the important factor a more valid comparison would 
be obtained by administering all three forms of thyroxine in the same physical state, 
i.e. in solid form as contrasted, for example, witlr feeding the disodium salt already 
in solution. It was witli these considerations in mind that the present study was 
undertaken. 


METHODS AE'D JIATERIALS 

The technique used in these experiments for determining the activity of the 
thyroxine compounds was essentially the same as that proposed by Dempsey and 
Astwood (8) for measuring the thyroid secretion rate. In general, this technique 
embodies the hypothesis that the amount of thyroxine necessary to counteract tire 
effects of thiouracil (compensatory hypertrophy) and maintain the thyroid gland at 
normal weight is equivalent to the amount of hormone normally produced by the 
thyroid. It was thought that, for our experiments, this method could be used to 
advantage. By including crystalline, monosodium and disodium thyroxine in the 
feed of tbiouracil'treated chicks, the amount of each form required to maintain 
thyroid glands at normal weight could be ascertained. Thereby, we should obtain 
a fairly accurate measure of the relative oral effectiveness of these thyroxine com- 
pounds. 

The chicks used in these experiments were day-old White Plymouth Rocks pur- 
chase’d from a local hatchery. As tliey were obtained the chicks were split into 
various groups. One group serv^ed as a control; each otlier group received o.i per cent 
thiouracil and one of the various doses of the form of thyroxiire then under considera- 
tion. In the preliminary attempts fahly wide dosage inten'als were used. The re- 
sults of these preliminary attempts are not reported, since they were intended pri- 
marily for the orientation of the proper dosage ranges. WTien the proper range had 
been determined, the dosage interval was narrowed. In order that we might feel 
assured that the proper dosage levels had been attained, the latter runs were repeated. 
The results reported in table i and figures i and 2 represent a combination of the data 
obtained in these two runs, with the exception of the groups receiving 0.000030 per 
cent by weight of monosodium and disodium th3Hoxine, where only one was 
conducted. 

Each experiment was of three weeks’ duration. At the end of this period the 
chicks were killed, sexed, and their body weights determined. The th^uoid glands 
were removed and weighed immediately. 

It should be mentioned that some difficulty was encountered in determining t ^ 
dosage range and interval for the chicks receiving crystalline thyroxine. For some 
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inexplicable reason, one or two of the earlier attempts indicated dosages misleadingly 
liigh. However, several successive attempts 3delded reasonably repeatable results. 
It was found, however, that it was impossible to narrow the dosage inter\^al to the 
same extent as with the salts of thjrroxine, due to the fact that the variability of 
thyroid weights within dosage groups confused the interpretation of the data. 


Tabi-t: 1. ErrECT or D,E-TnyROxiNE ax'd its salts in the teed of tiiiouracil-treateo chicks 

(white blymouth rock 3-WEEK-0LD chicks) 


rORU OF 
TnyROXIKE 

DOSACr, 

COP.RECTTO 

DOSAGE 

' so. or 
» cnicKS 

' Dooy 1 

! '"T. j 

THVROn) i 

i 

Tiii*soiD ^vr./lOO 
c\r. DODY WT. 

ESTIUATEO 

KORitAI. 

Moles 


per cntl 1 

per cent j 

1 

1 


mg. 

mg. 

per cent 

Control’ 


i 

i 

48 

^ 160.1 

8.9 

5.6 


Crystalline 

0.000050 

0.000050 

iCi 

145 -2 

23.1 

15-9 



0.000075 

0.000075 

21 

I 73 -I 

8.9 { 

5.1 1 

0,000074 

1 

j 

0.000100 

0.000100 

2.3 

162.6 1 

4.6 1 

2.8 


Monosodium 

0.000025 

0.0000243 

IS j 

161.9 

33-5 

20.7 



0.000030 

0.0000291 

7 

141.0 

15.4 

10.9 i 



0.000035 

0.0000340 

31 

153-7 : 

9-7 1 

6.0 



O.OOOO4Q 

0.000038S 

20 

163.5 

5-2 

3-2 

0.000035 

Disodium 

0.000025 

0.0000236 

24 

161.7 i 

34-5 

! 21-3 



0.000030 

0.0000283 

7 

133-7 

21.7 

20.3 



0.00003s 

0,0000330 

33 

150.5 

13-3 i 

8.8 ! 



0.000040 

0,0000378 

16 1 

169.3 

9.6 : 

! 5-6 

0.000038 


Fciiiaks 


Control’ 

! i 

I 3 

! 1 

1 1 

47 

: 148.2 

! 9-2 i 

6.2 

1 

) 

j 

Ciystallinc 

! 0.000050 1 

0.000050 j 

IS 

i 151-7 

1S.6 ; 

12.3 

I 


0.00007s 

0.000075 1 

i 3 

1 161.6 

1 10.9 ; 

6.7 

! 


' 0.000100 1 

! 0.000100 j 

14 

; 156.1 

i 1 

3-1 

? 0,000078 

Monosodium 

i 0.000025 1 

0.0000248 i 

iS 

1 156-9 

; 43-1 i 

27 -5 

1 

1 

1 


0.000050 j 

[ 0.0000291 i 

II 

1 130.5 

! 22.7 ; 

16.3 

! 

) 


1 0.000035 j 

i 0.0000540 j 

28 

; 147. 8 

: 7.9 i 

5-3 



i 0.000040 1 

O.0OOO3SS J 

19 

1 146.6 

i 6.6 1 

4-5 

! 0.000036 

Disodium 

! 0.00C025 : 

0.0000236 • 

15 

. 140. 8 

! 42.6 

30-3 

i 

1 


j 0.000030 

0.COO02S3 j 

12 

: 121.3 

' 25.3 

20.9 

1 


; 0.000035 

0.0000330 1 

2S 

; 143-3 

j 16.6 

11.6 

1 


I 0.000040 

0.00003 78 ; 

22 

j 1,51-7 

: 10.0 i 

7-2 

\ 0.000030 


* .-Ml groups except controls received 0 . 1 % tliiouracil in their feed. 

I'he crj’slalHne i),L-thyroxine used was a commercial preparation purchased 
from lite British Drug House, London. The monosodium and disodium salts v/ere 
made from this stock by the method outlined by Harington (9). These salts were 
checked for purity by iodine analyses, vrhich shovred that the monosodium .salt con- 
tained 63.70 per cent I atid the disodium .salt, 60.91 per cent, as compared to theo- 
retical pe.menlages of 63.4?) per cent and 61.60 per cent, re.specuvely. 

Both the ihiouracil* and thyroxine were rai.xed in the feed as the proper per- 

-Tiic xuthers th.'i.nk Ledcrle Ixsbora^’ric?, PexrJ Jtiver, X'. Y., j 

in thrsr e.Tptri.Tscnt*. 
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centage by weight. In this way, o£ course, a certain error was introduced. . The 
addition of sodium atoms to the thyroxine molecule causes a diminution of the 
actual amount of thyroxine received by the groups treated with thyroxine salts. 
This error is taken into account in the presentation of the data (table i; figs, i and 2), 

RESULTS 

It was found that the requirements for maintaining the thyroid glands of the 
thiouracil-treated male chicks at a normal weight were 0.000074 per cent of ciystalline 
D,L-thyroxine in the feed, 0.000035 per cent of the monosodium salt, and 0.000038 per 
cent of the disodium salt. Comparative figures for the female chicks were 0.000078 
per cent, 0.000036 per cent and 0.000039 per cent, respectively (table i). 



Figs. I and 2. Method or plotting data to determine the relative oral potency ol t>,> 
thyroxine and its salts. The point at which the line representing the thyroids of thiouracil-treated 
chicks fed thyroxine crosses the line representing the thyroid weight of normal chicks indicates the 
amount of d,!.- thyroxine in the feed necessary to maintain normal thyroid •weight; i.e. to maintain 
a blood level of thyroxine equivalent to the amount of hormone normally produced. 

As was anticipated, the results of this e-xperiment indicate some relationship 
between the solubilit}'- of the compound administered and its physiological activity. 
However, the differences noted in the compounds studied are not as marked as migld 
be expected. For example, the difference in solubility between monosodium and 
disodium thyroxine would lead one to expect some difference in the activity of these 
salts in favor of the disodium form. On the contrary, however, they seem to be 
practically equal in activity. In fact, our results indicate that the disodium salt 
seems to be slightly less active. However, we believe that this discrepancy is 
negligible and within the limits of experimental error. 

Also, the magnitude of the differences between the activity of crj'stalline thy- 
roxine and its salts appears somewhat less than might be expected. The results 0 - 
tained show that the monosodium and disodium salts of thyroxine, when admin- 
istered orally, are appro.ximately twice as active as the pure crj'stalline form. 
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Although these obscr\’'ations do not show the exact amount of thyroxine ab- 
sorbed, an approximation of this figure can be calculated. Cliicks of the age used in 
this experiment consume, on the average, 20 to 25 grams of feed a day. The ration 
containing 0,000075 per cent of crystalline thyroxine would therefore supply about 
15 gamma of thyroxine per chick per day. This amount is about five times that re- 
quired ivhen DjL-thjToxine is injected subcutaneously in alkaline solution (10). 
Therefore, assuming that the injected thyroxine is utilized 100 per cent, then approxi- 
mately 20 per cent of the orally administered crystalline thyroxine is absorbed. On 
the same basis, 45 per cent of the sodium salts of thyroxine is absorbed. 

DISCUSSION 

Clearly our results are at variance with those of Thompson c( al. (3), mentioned 
previously. There are several possible explanations for these differences. Species 
difference is an obvious possibility. Assay technique is another. The fact that 
these workers found a difference between the monosodium and disodium salts, 
whereas we did not, might be e.xplained by their using thyroxine in alkaline solution 
as the disodium form in contrast to our use of a solid disodium salt. It must also be 
remembered that Thompson cl al. observed only three patients and these had a 
definite myxedema. .And, as those obserx^ers point out, the effect of thyroxine on the 
basal metabolism of such patients may be greater than in normal persons. 

Tlie work of Elmer and Rychlik (2) on urinary' iodine excretion shows by 
inference that thyroxine administered orally in alkaline solution is absorbed a little 
more than twice as readily as pure crystalline thyroxine. This observation is in 
agreement with our results. It must be admitted, however, that the observations of 
Elmer and Rychlik may be somewhat misleading. Since no thy'roxine can be de- 
tected per sc in the urine (6, 11), the increment in urinary iodine caused by thyroxine 
administration must be due to some decomposition product of the hormone. And 
while it may be reasonable to assume that more th3'roxine must be absorbed in order 
to promote this mode of iodine e.xcretion, it is by no means the only e.xcretion route 
for circulating th.vroid hormone (12). 

Schittcnhelm and Eislcr (4) arrived at a figure not too different from ours re- 
garding the absorj>tion of crj'stallinc thyroxine. They' found that 14 per cent of the 
ciy'.stalHnc thyToxine was absorbed, while our calculations indicate that about 20 per 
cent is absorbed. However, these investigators found 90 per cent of the thyToxine in 
alkaline solution is absorbed, Tiicrc is a considerable discrepancy between this 
figure and our calculated 45 per cent for the solid disodium salt of thy'roxine. Two 
possible explanations are suggested for this difference; i) the thy'roxine already' dis- 
solved in alkaline solution may be more readily* absorbed than the solid disodium salt, 
and/or 2) as it is absorlicd. more of the thyroxine may be inactivated and therefore 
would not manifest itself in our measurements. .Also, Schittcnhelm and Eisler intro- 
duced the alkaline solution of thyroxine directly* into an isolated loop of intestine, 
whereas wc fed the disodium salt. It is jxissible that not all of the thy'roxine re- 
mained as the disodium salt, due to pii changes in th.e gastrointestinal tract. This 
migljt .also be a partial explanation for our finding no difference between the activity* 
of the monosodium and disodium salts of thyroxine. 
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Considering the overall picture, then, it appears that pure crystalline d,l- 
th3n:oxine is less effective when administered orally than are its more soluble sodium 
salts. Th^’^roxine already dissolved in alkaline solution may be even more effective. 
Apparently, therefore, the solubility of the compound admmistered is an important 
factor — as has been suggested by several investigators — ^but it appears not to be the 
only factor to be considered. 


SUMMARY 

An investigation was conducted to determine the relative oral effectiveness of 
crystalline, monosodiinn, and disodiinn D,L-thyroxine in the domestic fowl. It was 
found that 0.000074 per cent of crystalline D,L-thyroxine in the feed was the amount 
necessary to maintain the thyroids of thiouracil-treated male chicks at normal 
weight. Likewise, 0.000078 per cent was the amount required by the females. The 
requirements of the male chicks for the monosodimn and disodium salts were foimd to 
be 0.000035 per cent and 0.000038 per cent, respectively. The comparative figures 
for the females were found to be 0.000036 per cent and 0.000039 per cent. It was 
calculated that crystalline thyroxine was absorbed to the extent of approximately 20 
per cent, and the sodium salts, about 45 per cent. 
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S INCE MacLeod, in 1930, showed that feeding raw' pancreas prevented the 
development of fatty livers in insulin-treated, depancreatized dogs (i, 2), 
interest has centered on the identity of the factor responsible for this action. 
The interpretation of this problem has kept pace with subsequent investigations 
in the field of anti-fatt3''-liver substances and thus the original enzj-matic theory of 
MacLeod (2) gave place to the lipotropic theorj’’ following the discovciy of the lipo- 
tropic activity of lecithin (3, 4), choline and choline-like substances (5, 6), protein 
(6, 7), methionine (8) and inositol (9). 

On the basis of that evidence choline has been looked upon as the ultimate 
mobilizing agent of the fat accumulated in the liver, the activity of the other agents 
being determined by their capacity to furnish choline on splitting (lecithin), to supply 
labile methyl groups for its synthesis (methionine and methionine-containing com- 
pounds, like proteins) or to replace choline in the formation of phospholipids (inositol 
and choline-like substances). 

But when Dragstedt ct al. (10, 11) and Entenman el d, (12) succeeded in obtain- 
ing pancreas extracts lipo tropically active though practically choline-free, the exis- 
tence of a new antifatty-liver factor present in pancreas was postulated by each group. 
Certainly, the interpretation ofTered by these two groups of workers was as dilTerent 
as the methods they used for the preparation of the pancreatic extracts. Dragstedt 
maintained that the fat-metabolizing agent present in his alcoholic extract was an 
internal secretion of the pancreas other than insulin, and named it lipocaic (i i). He 
claims that its activity cannot be accounted for by its choline, protein, methionine 
or inositol content (10, 13). 

On the other hand, Chaikoff and his group gave the name of antifatty-liver factor 
to the lipotropic principle contained in their choline-free pancreatic fraction C27- 
The action of this factor was first e.xplaincd on enzymatic grounds postulating that it 
was able to release and thus make available for lipotropic purposes the bound methio- 
nine of food proteins (14). But with the recent preparation of purified pancreatic 
fractions highly lipotropic altliough devoid of proteolytic actmty, ChaikofI and 
Entenman w*ere led to concede that this h}T>othesi5, at least in its simple form, might 
not be adequate (15). 

The discrcpandc,s between the two groups of investigators in spite of the fact 
that both assayed their prep.irations on the depancreatized or pancreatic duct- 
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ligated dog, suggested to us the possibility that the lipotropic agent present in each 
extract could be different. Recently Chaikoff and Entenman stated, on the basis of 
their latest findings (15), that the pancreas might contain more than one unidentified 
antifatty-liver factor. 

In view of the alleged eflficacy of the oral and parenteral administration of lipocaic 
in preventing the hepatic fatty infiltration in rats fed a low-protein, high-fat diet 
(10), we thought that the comparative assay of both Dragstedt’s and Chaikoff’s 
extracts on that particular type of fatty liver would help to show whether or not the 
lipotropic agent present in them was the same. 

Other experiments were conducted. One was designed to investigate the possi- 
bility that the activity of lipocaic is due to the combined action of the methionine 
and inositol present in it, since Dragstedt only proved that it could not be accounted 
for by its content of each of those substances separately (10, 13). 

Oral and intravenous inositol was then tried on the pancreatic duct-ligated dog 
to see whether this compound displayed here its well known antifatty-liver activity 
studied by Gavin and McHenry in the rat (9). Finally the hypothetical lipotropic 
properties of trypsin, ch3miotrypsin and carboxypeptidase were investigated, on the 
basis of the fact, reported by Best (16), that Palmer found evidence of the presence 
of trypsin, chymotr3rpsin and other proteolytic enzymes in pancreatic fraction C27 
of Chaikoff. 


EXPERIMENTAL 

Adult white rats weighing 150 to 250 gm. and mongrel dogs were used in our 
experiments. Fatty infiltration of the liver was produced in the rats by feeding them 
the low-protein, high-fat diet used by Dragstedt (ii), and in the dogs by pancreatic 
separation performed as described by Montgomery, Entenman and Chaikoff (i?)- 
This technique gave us good results in a previous study (18). The dogs were fed a 
diet of raw meat, bread and milk. Blood samples were taken during fasting. The 
substances to be tested by mouth were given in gelatin capsules mixed with the food. 
No assay for lipotropic activity was carried out on the pancreatic duct-ligated dogs 
until at least 12 weeks had elapsed following the operation. 

Lipocaic was obtained according to the last modification of the original technique of Clark 
el al. (10) and the lyophilized final product kept dry and cold. It contained 150 jig. of choline per 
gram and 0.45 per cent methionine, as determined by microbiological methods (19).® 

Fraction C27 was prepared follondng Entenman and Chaikoff’s method (12). The final white 
drj' powder was also stored in the cold. It contained no choline. 

Both pancreatic preparations were readily soluble in w'ater; the solutions for subcutaneous in- 
jection were made by dissolving the desired amount in the chosen volume of sterile saline, by aseptic 
technique. 

, Methionine. Eastman's product was used. 

Inositol. The powdered product furnished by A. E. Staley Manufacturing Co. was used.^ 

Trypsin and Chymotrypsin. Armour’s crystalline preparations were used. They contain S° 
per cent ammonium sulfate. 

Carboxypeptidase. A pure preparation, kindly supplied by Dr. M. L. Anson, was used. 

s Analysis conducted in laboratories of Armour and Company through the courtesy of Dr. 
J. H. Glynn. 
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Blood and Liver Analysis. Total phospholipids, total, free and esterified choles- 
terol, total fatty acids and alkaline phosphatase activity determinations were carried 
out on unhemolyzed dog serum. Liver total phospholipids, cholesterol and fatty 
acids were determined on aliquots of an alcohoLether (3:1) extract of the organ. 
The following methods were used throughout the experiments: 

Horcckcr, Ma and Haas’ modification (20) of Fiskc and Subbarow’s (21) method for lipoid 
phosphorus; Schoenheimer and Sperry’s method (22) for total, free and esterified cholesterol witli 
slight modifications (23); Marenzi and Cardini’s method (24) for total fatty acids, (with prolongation 
of the saponification time) ; Shinowara, Jones and Reinhart’s method (8) for alkaline phosphatase 
activity, adapting Holman’s method (25) for tlie final measurement of phosphate, since it proved 
convenient in our hands (18). 

All colorimetric determinations were done by means of a Coleman Spectrophotometer. 

RESULTS 

Comparative Lipotropic Activity of Two Pancreatic Extracts in Dietary Fatty LJver 
of the Rat. Four groups of 10 rats each (5 males and 5 females) were used in this 
e.xperiment. Simultaneously with the feeding of the low-protein, high-fat diet the 
administration of the extracts was started. Subcutaneous injections were given to 
animals in groups i and 2 as follows: group i, 167.0 mg. of lipocaic in i cc. of saline 
per day; group 2, 30.0 mg. of fraction C27 in i cc. of saline per day. Animals in 
group 4 received 30.0 mg. of fraction C27 per rat per day orally; group 3 was kept as 
a control. 

After an e.\'perimental period of 20 days the animals were killed and the livers 
immediately removed, freed from blood as much as possible, weighed and then sus- 
pended in the alcohol : ether mixture by means of a Waring blender. After extraction 
under reflux the extracts were brought to a definite volume and filtered, aliquots of 
the filtrate being taken for determination of lipids. The results, given in table i, 
show that only lipocaic was able to prevent the fatty infiltration of the liver in these 
rats. 

.As a control, the lipotropic activity of the pancreatic preparations used was 
tested on pancreatic duct-ligated dogs in which serum lipids had fallen below (26) and 
phosphatase activity risen above (iS) pre-operative levels as a consequence of the 
fatty infiltration of the liver. 

The restoration of scrum lipids and phosphatase values to pre-operative levels 
after 20 {dog 266), 23 {dog 26i) and 20 {dog 26S) daj-s' treatment, followed by a return 
of the low-lipids high-phosphatase pattern when the administration of the extracts 
was discontinued, %vas taken as proof of the lipotropic action of the preparations 
tested. Both pancreatic preparations were active, as shown in table 2. 

Comparative Action of Parenteral lApocaxc, ^fethiouinc and Inositol on Dietary 
Fatty Liver of the Rat. Four groups of 5 rats each (males) were used in this experi- 
ment. “I'he animals were kept on the lipogcnic diet and injected daih' according to 
the following schedule: group 2, 2x4.0 (ig of methionine in i cc. of saline per rat; 
group j, 5po.o /jg of inositol in r cc. of saline per rat: group 4, 214.0 pg of methionine 
I'luB 500.0 ng of inositol in i cc. of saline per rat. Group i was kept as a control. 
The dose? were calculated .'o a.s to give the amount of methionine and inositol present 
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Table i. Average lipid concentration of the liver of rats fed a high fat, low 

PROTEIN DIET WITH AND WITHOUT SUPPLEMENTS (lO RATS IN EACH GROUP) 



PHOSPnoLiPH) 

CnOLESTEKOL 

TOTAL TATTY 


moSPHORUS 

Total 

Free 

Ester 



S'M- % 


£m- 7 o 



Group I 
(lipocaic’) 

4-3 

0.147 

O.I 2 I 

0.016 

3.S8 

Group 2 

(fraction C27*) 

j 

4.5 

0.214 

0.140 

0.074 

15.40 

Group 3 
(control) 

4.86 

0.321 

0.220 

O.IOI 

15.08 

Group 4 

(fraction C27 orally’) 

3.9 

0.360 



11.56 


^ 167 mg. of lipocaic subcutaneously daily. - 30 mg. of fraction C27 subcutaneously daily. 
® 30 mg. of fraction C27 orally daily. 


Table 2. Effect of lipocaic and chatkoff’s anti-fattv-liver factor upon the 


BLOOD LIPID LEVELS OF DOGS WITH LIGATED PANCREATIC DUCTS 



PHOSPHOLIPID 

CHOLESTEROL 

TOTAL TATiy 
ACIDS 

AIXAUNE 

PHOSKTATASE 

Dog 260 

Before operation 

Before oral Lipocaic 
.After 20 days’ treatment 

4 weeks after discontinuing 
treatment 


Total 

Free 

Ester 

mg. % 

15.8 

5-2 

16.2 

6,0 

175.5 

64.8 

198.5 
79.2 

mg.% 

52.6 

27.6 

58.7 

31.7 

122.9 

37.2 

139.8 

47.5 

mg. % 

420.0 

107. 1 

448.5 

II4.O 

iimis % 

7.0 

25.6 

8.8 

28. S 

Dog 261 







Before operation 

17.0 

156.8 

43.1 

113.7 

460.0 

4.6 

Before oral C27 (100 mg.) 

6.8 

71.9 

23.4 

48.5 

170.0 

48.4 

After 23 days’ treatment 

12.4 

108.0 

3 I.I 

66.9 

363.5 

II. 8 

2 weeks after discontinuing 

10. 0 

88.2 

25.8 

62.4 

220.0 

28.6 

treatment 







Dog 26S 







Before operation 

17.4 

186.0 

55.8 

130.2 

412.5 

5.0 

Before oral C27 (100 mg.) 

7-5 

82.8 

29.3 

53.5 

I7I.O 

36.0 

After 20 days’ treatment 

iS-o 

160.4 

45.7 

114.7 

398.0 

9.4 

4 weeks after discontinuing 

II. 6 

72.5 

27.6 

44.9 

236.5 I 

17.0 


in 167.0 mg. of lipocaic — the amount proven effective in the preceding experiment- 
on the basis of the percentage figures given by Eilert el al. (13) and Abels (27).^ 
After an experimental period of 24 days, the animals were killed and the livers 
immediately removed and analyzed as described. Results are given in table 3- 
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Comparing these values with those found for rats injected with lipocaic {group 1 in 
table i) it follows that the antifatty-liver activity of this pancreatic preparation can 
not be explained by its content of methionine or inositol. 

Assay of the Hpolropic activity of oral a 7 id parenteral inositol in the pancreatic 
duct -ligated dog. The ability of inositol to restore to pre-operative levels the lowered 
lipids and increased phosphatase aclivit}' of the serum of dogs v/ith fatty livers 
induced by pancreatic separation, was tested in this experiment. Both the oral and 
the parenteral routes were tried according to the following plan: 

Bog 24Q. i.o gni. of inositol per daj* orally, starting 20 ivcclcs after the pancreatic separation' 
Treatment was continued for 28 days, discontinued for i week and re-started with the intravenous 
administration of inositol in daily doses of 1.5 gni. during 21 days. 

Dog 26S. 2.0 gm. of inositol per day orally, starting 24 weeks after operation. Treatment 
was continued for 28 days, discontinued for one week and rc-started with tlic oral administration of 
5 gm. of inositol per day during 20 days. 

Dog 2ig. 1.0 gm. of inositol per da\’ intravenously, starting 15 weeks after operation. Treat- 
ment lasted 28 days. 

Dog 261. 1.0 gm. of inositol per day intravenously, starting 35 weeks after operation. The 
treatment lasted 28 days. 

Dogs 261 and 26S had been previously used for the assay of fraction C27, and dog 24^ for trj'psin, 
but enough time was allowed between tests in order to allow tlic animal to regain the characteristic 
blood picture known to accompany fatty infiltration of the liver. 


Results arc summarized in table 4. Inositol, either orally or subcutaneously, 
was unable to exert a marked lipotropic action in the pancreatic duct-ligated dog at 
the doses and duration of treatment used. At most a slight acthdty is suggested by 
the fact that it prevented a further drop of the serum lipids or rise of the hj'perphos- 
phatemia and in some cases induced a slight rise of the lipids. 

Oral Adnibiisiration of Crystalline Trypsin, Chynnotrypsin and Carhoxy peptidase 
to the Pancreatic Ducl-ligalcd Dog. In order to determine whether tr^^isin or chjmio- 
trj'psin could account for the activity of fraction C27, these enzj'mcs were given to 
pancreatic duct-ligated dogs. Although, as far as we know, carboxypeptidase has 
not been reported to be present in fraction C27 this enzyme was also tried as a pos- 
sible agent needed for the availability of ingested bound methionine for lipotropic 
purposes, according to Chaikofi’s theor)* (14). 

Unfortunately our supply of the cr}'Stalline enzjnnes was not sufficient for longer 
trials and in the particular case of carboj^^peptidase we were restricted to a verv'- 
short treatment {5 days). Notwithstanding, it is our impression that had this sub- 
stance any lipotropic activity, it could have been demonstrated even in this short 
period as it was with fraction C27. The following doses were used: 


Dog 26S. Ttypssri in daily dosc.« of too.o mg. during 5 day;, starting 13 weeks after p.incrcatic 
jqi.iration. 

Dog 24g. Trjpsin in daily doses of 100.0 mg. during 5 d.ays, starting 14 wed:s after operation. 
Tfj-pt'in in d.iily doses of 100.0 mg. dunng 10 days, smrting 37 weeVrs after operation. 

Dog 240. Chymotrj'psi.n in d.aily doses of 120.0 mg. during .2 days, starling 34 weeks after 
o'^ralion. 

Dog CmTnotrj-pfin in daily doses of ic.o mg. during re days, starting 37 weeks after 
operation. 

Dog 2>T. Carl>ox>7i2ptidasc in daily doses of joo mg. du.dng 5 days, stardng 25 vrccks after 
cnera'ic-n. 
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Table 3. Average lipid content of the livers of rats on a lipogenic diet receiv- 
ing INOSITOL, METHIONINE AND THE TWO SUBSTANCES TOGETHER IN THE AMOUNTS 
W'HICH WOULD BE CONTAINED IN A THERAPEUTIC DOSE OF LIPOCAIC 



rnospHOtiPiD 

pnospnonus 

TOTAL CnOIXSTEKOL 

TOTAL TATTY ACIDS 


«W. % 

Sm.% 

sm. % 

Group I 
(control) 

1 

3-49 

285.6 

14.71 

Group 2 
(inositol') 

3 -Si 

247.4 

12.09 

Group 3 

(methionine®) 

3-45 

254.6 

9.03 

Group 4 

(methionine-hinositoP) 

4.62 

291. 1 

M 

0 

0 


1 214 /ig. of methionine subcutaneously daily. ® S90 /ig. of inositol subcutaneously daily. 
° S9° UE' of inositol plus 214 fig. of methionine subcutaneously daily. 


Table 4. Blood itpid content of pancreatic duct-ligated dogs receiving inositol 

ORALLY OR INTRAVENOUSLY 



PHOSPHO- 

UPID 

CSOLESTBPOL 

TOTAL 

PATTY 

ALKAinffi 

phospha- 


FHOSFBOSUS 

Total 

Free 

Ester 

ACIDS 

TASE 

Dog 24g 

Before operation 

Before oral inositol (i gm.) 

After 28 days’ treatment 

Before I.V. inositol (1.5 gm.) 

After 21 days’ treatment 

mt-% 

16.2 

4.6 
5.0 
2.8 

7.6 

198.0 

46.2 

18.6 

17.4 

60.5 

mg. % 

54-5 

18.5 

8.1 

9.1 

26.0 

143-5 

27.7 

10.5 

8.3 

34.5 

mg.% 

427.8 

99.0 

lOI.O 

158.4 

until % 

3-6 

40.8 
49-4 

65.6 

46.8 

Dog 268 







Before operation 

17.4 

186.0 

55.8 

130.2 

412. 5 

5.° 

Before oral inositol (2 gm.) 

II . 6 

72-5 

27.6 

44-9 

236.5 

17.0 

After 28 days’ treatment 

12.0 

0 

CO 

31-5 

46.5 

250.0 

iS-8 

Before oral inositol (s gm.) 

10,0 

70.7 

28.0 

42.7 


18.S 

After 20 days’ treatment 

II. 2 

84.6 

31-6 

53-0 

230.0 

17.0 

Dog 2ig 






4.4 

17.6 

Before operation 

13.6 

136.8 

41.0 

95-8 

411.0 

Before I.V. inositol (i gm.) 

5.8 

73-4 

29.4 

44.0 

171.8 

After 28 days’ treatment 

5-8 

57.0 

22.8 

34.2 

119.2 

18.0 

Dog 261 






4.6 

Before operation 

17.0 

156.8 

43.1 

113-7 

460.0 

Before I.V. inositol (i gm.) 

8.0 

74.7 

27.6 

47.1 

179.9 

13.0 

19.6 

After 28 days’ treatment 

8.6 

55-2 

17-7 

37-5 

172.6 1 
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As in the preceding experiments some of the dogs had been used for testing 
other substances, or the same substance at varying intervals of time, but in eveiy^ 
case the administration of the product to be assayed was not started until blood 
values had reached abnormal levels, as shown in table 5. 

The results in table 5 show that none of the enzymes was able to restore to nor- 
mal the serum lipids and phosphatase activity of pancreatic duct-ligated dogs, al- 
though some trend in that direction was shown by dog 26S when given trypsin. 

Table 5. Blood iawd values of dogs wtii ligated pancreatic ducts before and 


AFTER FEEDING CRYSTALLINE TRYPSIN, OIYMOTRYPSIN OR CARBOXVPEPTIDASE 



1 pHosrito- 

LIPXD 

1 i 

CHOLESTEROL 

1 1 

TOTAL 

rATTY 

ALKALTKE 

pnOSPHA- 


rnospiiORUS 

ToLil 

Free 

Ester 

Aaos 

TASn 


mt.% 




mt. % 

vr.Us % 

Dog 26S 



1 

j 



Before operation 

17.4 

iS6,o 

55-8 

130.2 

412.5 

5-0 

Before oral trypsin (100 mg.) 

7-5 

S2.5 

33-0 

49 -S 

162.0 

28.6 

After 5 days’ treatment 

12.4 

105.7 

3 S -4 

70.3 

300.0 

xs-fi 

Before oral chymotrypsin (120 mg.) 

9-4 

57.0 1 

21.0 

36.0 

195-5 

15.8 

After 12 days’ treatment 

9.8 

63-5 

24.4 

39 -t 

203-8 

19.0 

Dog 249 





■H 


Before operation 

16.2 

19S.0 

54-5 

143 -S 


3-6 

Before oral trypsin (100 mg.) 

6.0 

42.0 

16.0 

26.0 


42.4 

After s days’ treatment 

6.4 

54.6 

18.8 

35.8 


26.8 

Before oral trypsin (roo mg.) 

4.6 

35-4 

15.6 

19. 8 

98.6 

43-0 

After 10 days’ treatment j 

4.6 

28.2 

J3-S 


97-4 

20.6 

Before oral chymotrj’psin (120 mg.) 

4.6 

37-7 

13.6 

24.1 

97.0 

38.2 

After 12 days’ treatment 

4.6 

35-4 

13-8 

21.6 

98.6 

1 32.4 

Before oral carbox>pcptidasc (100 mg.) 


18.6 

8.1 

10.5 

lOI.O 

49-4 

After s days’ treatment 1 



S.i 

8.3 


O 5 .O 


DISCUSSION 

The fact that Dragstedt's lipocaic and Chaikoff's pancreatic fraction C27 were 
both lipotropically active by mouth in the pancreatic duct-ligated dog, while only 
the former was able to prevent the fatty infiltration of the liver in the rat when ad- 
ministered parenterally seems to prove that the lipotropic principles responsible for 
the aetbuty of those c.xtracts are not the same substance. 

The possibility of the anti-fath'-liver properties of Hpocaic being due to choline 
is not likely in view of the fact that the dose used (167 mg.) contained only 25 gg. 
of choline. Furthermore, experhnevi z rules out methionine and inositol, either 
sc|>aratoly or together, as the main lipotropic factors of the e.xtract. This confirms 
previous work by Clark el al. ( 10) and by Owens eJ al. (2S) and supports the statement 
that the lipotropic principle of the pancreas present in lipocaic is a specific substance 
still unidentified. It remains to be proved whether or not it is of a hormonal nature. 

As Chaikoff and Entenman (15) point out — and we agree with them — the t}-pe 
of fatty liver induced in the rat by a low-protein, low-choline, high-fat diet, should 
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not be used as a specific test object for the pancreatic anti-fatty-liver factor. How- 
ever its employment for comparative purposes in the present study has demonstrated 
an interesting difference in lipotropic substances. 

The negative response obtained with inositol in the dog both orally and paren- 
terally, offers a further proof that this is not the specific lipotropic factor of lipocaic. 
On the other hand, Abel et al. (27) reported that the lipotropic properties of lipocaic, 
as tested in patients, could be accounted for by its content of inositol. 

The inability of trypsin, chymotr3q3sin and carboxypeptidase to reproduce the 
effect of the same amount of fraction C27 in the dog seems to be against the assump- 
tion that Chaikoff’s anti-fatty-liver factor is of a proteolytic nature, and is more in 
accordance with recent findings by Chaikoff and Entenman (15). 

SUjMMARY 

Extracts of pancreas prepared according to Chaikoff’s or Dragstedt’s method 
when administered orally to dogs raise the level of blood lipids which has been caused 
to fall by ligation of the pancreatic ducts. Dragstedt’s extract (lipocaic) also pre- 
vents the fatty liver which occurs when rats are placed upon a high-fat, low-protein 
diet; Chaikoff’s extract does not. Inositol, choline, or the two substances together 
have no influence upon the dietary fatty liver of the rat when given in amounts 
equivalent to those found in lipocaic. Inositol orally or parenterally and crystalline 
trypsin, chymotrypsin and carboxypeptidase by mouth are not lipotropic in the 
pancreatic duct-ligated dog. 

Two separate, as yet unidentified factors, Dragstedt’s lipocaic and Chaikoff s 
antifatty-liver factor, which are extractable from hog pancreas, are capable of 
exerting lipotropic activity in the dog with ligated pancreatic ducts. Inositol) 
choline, methionine, trypsin, chymotrypsin and carboxypeptidase fail to account 
for the lipotropic action of either of these factors. 
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URINARY AND GENITAL TRACT PHOSPHATASES OF THE 

MALE DUTCH RABBIT' 

HOWARD A. BERN2 

From the Departments of Zoology, University of California 

XOS ANGELES AND BERKELEY, CALIEORNIA 

T he discovery of large amounts of an acid phosphatase in the hiunan prostate 
by Kutscher and Wolbergs (i) has led to considerable interest in genital 
tract phosphatases, although most of the work has been confined to man. 
The occurrence of human prostatic acid phosphatase has been demonstrated in 
prostatic tissue and secretion and in seminal fluid, as well as in blood serum and urine, 
by various workers (e.g., 2-8). 

Much of the significance attached to clinical determinations of acid phosphatase activity of 
serum and urine is due to the striking increase in levels that accompany most metastasizing prostatic 
carcinomas, where the measurement of prostatic acid phosphatase is considered a valuable diagnostic 
aid (9, 10). The possible function of this phosphatase has been discussed by Sullivan, Gutman and 
Gutman (8) and investigated by Lundquist (ii, 12), who found that phosphorylcholine was the 
natural substrate for the acid phosphatase in human seminal fluid. 

A similar acid phosphatase in amounts appreciably larger than in other tissues has been reported 
in rat preputial gland (13), in dog prostate (13-15), and in the caudal lobes of the monkey prostate 
(16). High alkaline phosphatase activity has been reported for the rat prostate and preputial gland 
(13) and the monkey prostate (16). The alkaline phosphatase in the rat prostate has since been 
shown to be confined largely to the ventral lobes (17). Atkinson (18) has recently demonstrated 
histochemically strong alkaline phosphatase activity in the stroma of the seminal vesicle of the mouse 
which disappears mth castration. 

Gutman and Gutman (13) reported low acid phosphatase activity in rabbit prostate, similar to 
that found in most non-genital tissues. The present study was undertaken to investigate more 
thoroughly the occurrence of genital tract phosphatases in the male rabbit and their possible mani- 
festation in urine. 

MATERIALS AND METHODS 

Animals 

Thirty-nine adult male rabbits, some with experimentally induced endocrino- 
pathies, were used at various times in these experiments as a source of urine. Slx 01 
these and 4 others were dissected for tissue assays, and 4 provided feces. All except 
2 rabbits were Dutch stock, the 2 exceptions being Dutch hybrids. All animals 
received a diet of standard prepared pellets, supplemented by carrots and/ or cabbage 
once or twice a week. There was no temperature control. 

. Preparation of Materials for Testing 

Urine. Urine was collected either directly from the bladder post mortem or 
expressed through the urethra with the animal under nembutal anesthesia or p 
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mortem. A catheter was not used since it would prevent the addition of any sex 
accessor}' secretions normally entering the urine. Varying volumes, from i to 30 ml., 
were obtained. These were centrifuged for 10 to 15 minutes to eliminate the heavy 
sediment present in rabbit urine. The sediment was not tested for the phosphatase 
activity which might have been present, particularly if cellular elements were centri- 
fuged down with the salts (19). Thus, the ‘urine’ referred to herein actually repre- 
sents the supernatant after centrifugation. Centrifuged rabbit urine is dark amber 
in color. 

Tissue. Certain tissues were tested semi-quantitatively for the occurrence 
of the phosphatases. Fresh weighed tissue (distal end of the seminal vesicle, prostate- 
vesicular gland, bulbo-urethral including striated muscle, testis-epididymis) was 
placed in a Waring blender with a known volume of distilled water (50-70 ml. for 
the large blendor bowl) and macerated for 5 minutes with this apparatus. The 
resultant mixture was centrifuged for 20 minutes, and the supernatant tested for 
phosphatase activity. It is important to point out that complete homogenation was 
not carried out, and that determinations on the extracts give an indication of the 
relative phosphatase activities in the several accessories tested, and not the absolute 
amounts. Moog and Stcinbach (19) have demonstrated that some tissue phos- 
phatase is absent from extracts (bound in cytoplasmic granules), and that total 
tissue homogenates are desirable for complete assays. 

Fcccs and Food. To determine the occurrence of phosphatases in commercially 
prepared food pellets and in feces, 5 gm. of eacli sample were homogenized in 50 ml. 
of distilled water in the Waring blendor for 10 seconds. The food mixture was 
then filtered for one hour; the feces for 20 minutes. The filtrates were then centri- 
fuged for 15 minutes, and tlie supernatants tested as described above. The final 
fecal extracts were cloudy; the final food extracts turned bright green when an alkaline 
was attained. 

Flwsphalasc Detcrminalioii Tcchiic 

There are several meOiods available for phosphatase determination, involving 
the cnzATiiatic hydrolysis of organic phosphates. The method employed herein is 
that of Huggins and Talalay (20), utilizing the lireakdown of sodium phenolphthalein 
phosphate and the colorimetric determination of the free phenolphthalein. Inasmuch 
as the relationship between the phenolphUialein produced and tlie enz^nne concentra- 
tion is parabolic (probably due to the existence of two hydrolytic products of phenol- 
phthalein diphosphate), it is ncccss,ir}' to c-xpress enzyme activity in arbilrar}* units 
inslc.ad of mg. of phenolphUialein liberated. Huggins and Talala}' claim that tlie 
method can be cmployerl in human urines without the necessity of dialysis to climi- 
n.atc chromogens. 

The test as modified was conducted as follows: The urine,(or otlier test solution) 
was incub.itcd at 37° C. in a water bath with the appropriate acid or alkaline builcred 
substrate for one hour. .At the end of tins time the reaction was terminated by the 
addition of glycine buflcr {pn 11,2) containing pyrophosphate as an enzyme inhibitor 
and the maximum color of phcnolphU'.alcin obtained (attained at pn J0.3-114). 
One ml of urine was used with ro ml. of the partiojlar substrate (in acetate bufier, 
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pR 54, for the acid phosphatase; in barbiturate buffer, pR 9.7, for the alkaline phos- 
phatase). Nine ml. of glycine buffer were used to terminate the reaction, making a 
final total volume of 20 ml. The color was read within a few minutes after termina- 
tion in an Evelyn photoelectric colorimeter using a 540 filter. (Within 15 minutes 
after termination, the color was found not to alter appreciably.) The tubes were 
equilibrated in a 37° C. water bath for about 5 minutes before the urine was added to 
the substrate. Determinations were made in duplicate or triplicate, except for single 
determinations in a few cases when the amount of urine was insufficient and for 


occasional determinations in quadruplicate. 

The blank employed consisted of the total reaction mixture of substrate plus 
inhibiting glycine buffer plus test solution, incubated along with the test solution- 
substrate mixtures. This blank was chosen to correct for any slight tiurbidity and for 
the definite color of the urine, as well as for any free phenolphthalein in the substrate. 
The recommended blank (20) is distilled water plus buffer plus test solution and does 


not correct for free phenolphthalein in the substrate. 

. Some urines tested for acid phosphatase produced a slight negative deflection of 
the galvanometer, as compared with the acid phosphatase blank. The reason for 
this is not known, but it may be due to the effect of the alkaline pR on the urinaty 
chromogens after hour-long exposure in the blank tube, or to the effect of the acid 
pR in the acid buffered test tube. Thus, our blank, like that of Huggins and Talalay, 
is not a complete control, and some error may be introduced by the pR effect on the 
urinary chromogens of the blank as compared with that of the substrate. The 
negative deflections are reported as o units of acid phosphatase in our tables. 

It was found that the original acid and alkaline buffered substrate solutions con- 
tained appreciable amounts of free phenolphthalein after dissolving the crj-^stallme 
salt (purchased from Paul-Lewis Laboratories, Milwaukee, Wis.). Approximately 
200 ml. portions of each stock substrate solution were extracted with five successive 


20-ml. portions of eth)d ether in a separatory funnel and then aerated to remove traces 
of ether. The color reading for the unextracted buffers indicated the presence of less 
than xo mg. of free phenolphthalein per liter, resulting from the decomposition 0 
approximately 20 mg. of the salt. Inasmuch as Huggins and Talalay state that the 
rate of hydrolysis is independent of substrate concentration between 0.0005 M 
and 0.002 M,” the 20 mg. per liter decrease in the substrate molality of 0.001 M 
(0.608 gm/l.) should not affect the reaction rate. A straight line was obtained when 
known concentrations of phenolphthalein were plotted against the color density. 


This provided a standard phenolphthalein calibration curve for conversion 


of tlie 


color density values into mg. of phenolphthalein. 

Dilutions of solutions containing acid and/or alkaline phosphatase were prepare , 
and curves were constructed by plotting mg. of phenolphthalein liberated per 100 
of test solution against concentration. This relationship is parabolic, and l^ace 
values were plotted on log-log graph paper to obtain a straight line. We used D S 
gins and Talalay ’s definition of units of activity: “10 units is the amount of enzyme 
which will liberate the colorimetric equivalent of i mg. of phenolphthalein from 
substrate in i hour at 37° C. under optimum conditions of pR-” The mg-- 
curve is a line drawn parallel to the curves obtained above through the reference po 



March ip4p 


URINARY AND GENITAL PHOSPHATASES 


599 


of lo units = 1 mg. The curve shown in figure i represents the results of diluting 
five acid and alkaline phosphatase preparations (two rabbit testis-epididymis extracts 
and a diluted rabbit urine containing spermatic fluid). The slope of this average 
curve is slightly less than of the curv^e obtained by Stafford, MeShan and Meyer (21) 
using rat pregnancy corpora lutca homogenates, and both are less steep than Huggins 
and Talalay's original curve based on serum phosphatases. 

Although several detenninations were made in triplicate and quadruplicate, 
most were made in duplicate. The variations in all cases were small. To indicate 
the reliability of the teclmic, a correlation coefficient (rxy) of 0.996 was obtained for 



Fig. I. Loc-toc ri-OT or piiospnATAsr. vvir cvRvr.. Two curves relating phosphatase concen- 
tration and mg. of phcnolphlhalcin liberated arc shown in lower right comer. Unit curve is line 
parallel to these through point: 10 units >= i mg. 

the first 36 pairs of determinations in the range o lo 15, Thus, the large differences 
in samples from different animals are due to biologic variability and not to technical 
inadcquac}". The results listed in all the tables arc the means of the several deter- 
minations. 

OBSERVATIONS ANB DISCUSSION 

Tables I to 3 indicate the range of values obtained for urinai^* acid and alkaline 
phos|th.atascs in rabbits under \tirious experimental conditions. Tltcsc values are 
ail based on centrifuged expressed urines. Among intact untreated animals (table 1), 
add phosphat.asc \'arics fro:n o to 10.5 u/ico ml. of urine, and alkaline phosphatase 
from 4.9 to S; units. Tabic 4 lists several values for bladder urines, indicating the 
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presence of some acid and alkaline phosphatase in urine which has not contacted the 
urethral canal. The kidney is known to be rich in alkaline phosphatase (22, 23) and 
is. a possible source of this enzyme in bladder urine. Alkaline phosphatase levels are 
evidently considerably higher in male rabbit urine than in male human urine. 


Table i. Intact control rabbits — expressed urine phosphatases 


■ ANIMAL 

DttTTTION PEIOR TO 

UNITS PEOSPHATASE/IOO ML. 

TESTING 

Add 

Alkaline 

I 


3-6 

I 3 -S 

2 


0 

16 

3 


0 

6.9 

4 


0 

4.9 

5 


0 

6.9 

6 



50 

7 


0 

7.4 

S 


0 

S-i 

9 

i 

0 

6.0 

10 

o-S 


9.1 

XI 

0.5 

0 

II 

12 


0 

44 

is'- 


0 

22 


0. 5 (alk.) 

0 

82 



0 

18 

14 



13 

15 



22 


1 0.2 

1 

10 - 5 

SI 


‘ Determinations on three consecutive days. - Excretion of spermatic fluid noted. 


Table 2. Androgen-treated intact rabbits ivith intraprostatic iiETHYLCHOL.'\NTHRENE 

PELLETS, 251-321 DAYS — ^EXPRESSED URINE PHOSPHATASES 


1 

ANIMAL 

OaUTION PRIOR TO 1 

UNITS PHOSPHATASE/IOO Ml. 

TESTING 

Add 

Alkaline 

CA-ii 

0.3 


7.0 

CA-12 

0. 2 

0 

79 

CA-13^ 


2.4 

140 

CA-14 


0 

13 

CA-13 


0 

6.0 


‘ Excretion of seminal vesicle fluid noted. 

It was noted that whenever some seminal vesicle secretion or spermatic fluid was 
ejected with the expressed urine, values for alkaline phosphatase were very hig 
(e.g., animal 16 in table i, CA-13 in table 2). Thus, it was supposed that one or 
more of the accessories, tlie duct system and/or the testis produced alkaline phos^ 
phatase in appreciable amounts. To examine this possibility, extracts of the severa 
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Table 3. Estrogen-treated rabbits— expressed urine phosphatases 


MnUKL 


DltCTION PRIOB TO 
TESTIKC 


UNITS rnoSPHATASE/lOO MX. 


Acid 


Alkaline 


Groui> A — Castrate rabbits receiving 10-40 injections of 0.02 mg. estrone daily 


LE-iiA 


[ 1 

3-6 i 

25 

LE-22A 


0 

S-3 


0.3 


23 

LE.33A 

o.s(alk.) 

0 

7.6 

Group B— 

Castrate rabbits with estrogen pellets implanted, 433-633 days 

EST-j 

\ 

0.2 


20 

EST‘2 

1 

0 

2.0 



0 

2.6 

I 

0-5 


2.9 

EST-8 \ 


0 

4.6 


0.5 (alk.) 

0 i 

9.6 


o.s 

0 

6.6 ■ 

Group C — Castrate rabbits -d-ith estrogen pellets and intraprostatic methykholanthrcne pellets implanted, 


297-372 days 


CA-id' 

0. 1 

1 0 

30 

CA-iS 



8.6 

Group D— 

Intact rabbits with estrogen pellets implanted, 442-582 days 

EST-4 

1 

0 

8.2 

EST‘7 

O.S 

0 

5.5 


0.5 (alk.) 

0 

4.1 


^ Urine mostly mucus. 


Table 4, intact control rabbits — bladder urini: phosphatases 


ANIMAL 

PILCTIO.V’ mOK TO ! 

TTSnSC j 

UNITS rnosrnAiASE/lOO vx. 

Acid 

1 Alkaline 

8 

o.s 

0 

i 

1 

JO 

j 


1 ir.S 

ij 

o.s 1 


i 

12 

! 

i 0 

j S-o 

if 

0.2 j 

i 0 

1 9-5 

iS i 

0.2 j 

; 0 

1 23 

J 9 

1 

1 4.6 

j 18 


accessories and ol llic tcstis-epididNinis were prepared and tested for acid and alkaline 
pliosphatasc activity (table 5). 

It can be seen that the secretion-containing seminal vesicle and the testis- 
cp'.didymis arc rich in alkaline phosphatase as compared v.-ith the otlicr organs tested. 
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They represent possible sources of high alkaline phosphatase activity in urine. The 
absence of measurable alkaline phosphatase in seminal vesicles not containing secre- 
tion may indicate that only the active seminal vesicle is phosphatase-producing or 
that such activity is derived from admixture of spermatic fluid from the vasa (which 
empty into the seminal vesicle duct in the adult rabbit) with the normal secretion. 
In addition, the occurrence of acid and alkaline phosphatase in tissue extracts does not 
prove that these enzymes are present in the secretions of the glands. It is surprising 
that acid phosphatase values in urine are generally low, even when alkaline phos- 
phatase values are.high, especially since all the organs tested generally show appreci- 
able acid phosphatase actmty. The only exception {aiimal 16 in table i), with 10.5 
it/ ioo ml., occurred in a urine which was diluted i :4 prior to testing. 

The data in table 5 indicate higher acid phosphatase activity in tlie prostate- 
vesicular gland than would be expected judging from Gutman and Gutman’s (13) 


Table 5. Intact babbits — tissue extract rnospiiATASES 


AKQtAL 

[ UNITS PKOSPnATASE/GM. OF FRESH TISSUE 

j Bulbo-urethral 

Seminal Vesicle 

Prostate-Vesicular Gland 

Testis-Epidid>mis 


Acid 

Alt. ! 

Acid 

All;. 

Acid 

Aik. 

Acid 

Aik. 

7 


1 





21 

25 

H 

4.7 

0 

15 

IS 

19 

0 

47 ■ 

, 3S 

17 

9 -S 

0 

14 

23 

13 

0 



18 

IS 

0 

4.8 

13 

17 

0 



20 ! 

3.8 

0 

15 

0^ 

14 

0 

23 

24 

21 

11 

0 

0 

o' 1 

36 

1-7 

SO 

SS 

22* 

0 

0 

0 

o' 1 

38 

1-5 

47 

43 

23&24 



12 

21 j 





25’- 



3-0 

“ i 

8.2 

0 





* Devoid of secretion. = Testosterone pellet implanted subcutaneously 10 days previously. 


observations on tlie rabbit using the King-Armstrong technic (1.9 King-Armstrong 
u/gm. of fresh tissue). 

Due to the wide variations in both normal and experimental values for urinary 
acid and alkaline phosphatase, it is not considered justifiable to draw any conclusions 
from these studies as to the effect of steroids and/or methylcholanthrene on urinary 
phosphatases. The absence of seminal vesicle or spermatic fluids is the probable 
reason why those animals receiving estrogen (table 3) did not show the extremely high 
alkaline phosphatase values foimd in some normal (50-82 u/ioo ml.) and in some 
androgenized animals (79 and 140 u/ioo ml.) (tables i and 2) . 

One of the difficulties encoimtered in this study was the small volumes of urme 
available. In an attempt to overcome this, urine collection cages were set up on 
several rabbits. In urine so collected, the acid phosphatase values were often quite 
high (up to 84 tt/ioo ml.). Inasmuch as it was impossible to avoid contamination 
of the urine with an occasional small fecal pellet or food fragment (even usmg verj 
fine mesh screen could not eliminate the possibility of the animal’s urinating over 1^ 
ovvn fecal deposits), it was considered that this material might account for the hig 
acid phosphatase activity. 
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Feces were found to contain 18 to 30 units of alkaline phosphatase and 4.0 to 
8.2 units of acid phosphatase^ per gram. Prepared food pellets, on the other hand, 
showed very high acid phosphatase activity (47-128 u/gm.) and virtually no alkaline 
phosphatase (0.5-0.6 u/gm.), and are a possible source of acid phosphatase not only 
in the collected urine, but in feces. The alkaline phosphatase in the feces may origi- 
nate in the intestinal mucosa (22, 23). In addition, some acid and alkaline 
phosphatase could be produced by the bacteria in feces and by bacterial growths in 
standing urine. The inability to insure absence of incidental contamination of urine 
with feces and food, then, made collection cages, as customarily employed for urinary 
steroid determinations, useless for our purpose. It was necessary to dilute small 
volumes of expressed and bladder urines (0.1-0.5) with distilled water to obtain 
duplicate or triplicate runs. 

It was noted when preparing dilution curves based on urines collected for 24 or 
more hours, under conditions described above, that the results of dilution were erratic. 
This was particularly true for the acid, but also to a slight extent for the alkaline, 
phosphatase. Whereas the alkaline phosphatase activities, although consistently 
liighcr, corresponded approximately to the expected values, the acid phosphatase 
activities increased with dilution in one animal and were consistently above the 
expected values in the others. 

This phenomenon may indicate the presence of an inhibitor or inhibitors of acid 
phosphatase activity, at least in urine collected under conditions allowing some 
contamination with feces and bacteria. Robinson and Warren (24) have recently 
concluded tliat human urine shows similar acid phosphatase inhibitor activity. In 
this connection a statement by Gutman and Gutman (13) on human prostate and 
rat preputial gland tissue acid phosphatase is of interest: "Further dilution of the 
extract as high as i : 500 was necessary for optimal hydrolysis." Flowever, we did not 
note inhibition in preparing tlie curves from testis-epidid}Tnis extract dilutions as 
described above. 

If feces contain inhibitors to acid phosphatase activity, the low acid phosphatase 
\-alucs obtained for feces (on aqueous extract dilutions of o.r gm. and o.oi gra/ml. 
solution) may be meaningless. In addition, if an inhibitor be present in uncontam- 
inated urine, the negative values obtained in most urines for acid phosphatase 
activity would be understandable. The presence of acid phosphatase in the several 
accessories and the large amounts in the testis-cpidid^Tnis should be exddenced in the 
urine as measurable acid phosphatase activity. 

Because of the possibilit}' of contact of urine with feces and/or food pellets which 
contain large amounts of cnz3-mes and because of tlie presence of possible inhibitors, 
it v;ould seem that urinan,- jjhosphalase level detenninations in the male rabbit are 
of dubious %'aluc in the study of cxpcrimcntalK* induced sr:x acccssorj' pathologies. 


sr!.txrAny 


Alkaline and acid phosphat.ise activity of genital tract tissue extracts and of 
urh'.c collected under several conditions from male Dutdi rabbits was determined 


* For ic.nsons disrii'j.tcd bebw (prc«.r.cc of the relatively low ncid pbefsr;!’z.i.TS.e 

vrdije-:'. rrsxy not l.-'t a real j-ndicati;?:! of cnevrne acti'.dtv in jcce?. 
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using the Huggins and Talalay technic. There is a wide range of values for the 
appreciable amount of alkaline phosphatase found in male rabbit urine. Probably 
due to the decrease in normal seminal secretions, estrogen-treated rabbits do not 
show high values (above 30 units/ioo ml. urine). As a rule, there is no appreciable 
acid phosphatase activity in uncontaminated urine. All accessories studied, as well 
as the testis-epididymis, and especially the prostate-vesicular gland, contain some 
acid phosphatase. Alkaline phosphatase is present in large amounts in the testis- 
epidid3anis, and generally in the seminal vesicle. 

Urine collected under conditions allowing contamination with food or feces does 
not provide a reliable picture of phosphatase activities. 

The author wishes to express his appreciation for the guidance of Professors Boris Kxichesky and 
Frederick Crescitelli, which was generously forthcoming during the major part of this study. 
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VASCULAR REFRACTORINESS PRODUCED BY BENADRITL 

AND BAL 

IRVINE H. PAGE and AREA ALDEN GREEN 
From the Research Division of the Cleveland Clinic Foundation, and Bunts Institute 

CLEVEIAND, OHIO 

S EVERAL YEARS ago we pointed out that one of the characteristic changes 
during terminal shock was the failure of blood vessels to respond when stim- 
ulated chemically (i, 2). This refractory state, which included the myocar- 
dium, was believed to be an important part of the mechanism of circulatory failure. 

In an effort to produce vascular refractoriness experimentally without the as- 
sociated changes incident to shock, such as h>TiovoIemia, such substances as the 
antihistamine agents were employed. Although the action of Benadryl (/S-dimethyl- 
aminoethyl benzhydryl ether-lydrochloride) is chiefly to annul the depressor action 
of histamine (this problem is ably reviewed by Loew, 3) Page and Green (4) presented 
some evidence that with large doses the pressor responses to adrenalin, tyramine, 
angiotonin and barium chloride were also significantly reduced. Further, mixing 
these agents with Benadr}*! and adding them to phosphate-containing Ringer’s solu- 
tion or citrated plasma perfusing through the vessels of isolated rabbit ears, greatly 
diminishes the vasoconstrictor response. The inhibition obser\'ed in intact animals 
must therefore have occurred chiefly at the smooth muscle fiber. 

Augmentation rather than inhibition of the adrenalin response may occur with 
smaller doses of Benadrj'l. Loew, MacMillan and Kaiser (5) state: “Adequate doses 
of Benadryl augmented the jiressor response to epinephrine. Tlicre was no evidence 
of epinephrine reversal which has been demonstrated with several other synthetic 
drugs which possess some degree of antihistamine action.” The difference in their 
results and ours probably depends on the higher doses we used. 

Since inhibition by Benadryl to the vasoactive test drugs was never complete, 
a search was made for some substances whicli would complete it. .After many trials, 
B.AL was finally chosen. B.AL acts diiefly by binding the essential thiol groups in 
cnr.yme proteins. Thus, it was not unexpected that enz\Tnc systems unaffected by 
Bcnadr}’! were altered by BAL. 

The simultaneous administration of these substances prevents the pressor or 
depressor and direct vascular actions of a variety of vasoactive substances. Thc-se 
changes were studied concurrently in intact animals and in the isolated rabbit-car 
vessels. Despite vascular refractoriness, arterial blood pressure may be maintained 
at normal levels for as long as an hour. The sudden fatal collapse \vhich sooner or 
I.atcr develops has so far been irremediable. 

It also .«ocn:ed of interest to determine the ability of the refractor}' vascular tree 
to v.'itlist.ind incre.ased pressure .and volume of blood. For this purpose, pressure 

R^c^:v^d :ar pubHcsiien December ij, 
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and volume were altered experimentally by means of arterial transfusion. But of 
chief importance to us seems to be the artificial reproduction of vascular refractor- 
iness to chemical stimuli and maintenance of arterial pressure followed by vascular 
collapse somewhat as it occurs in shock. 

METHODS 

Mongrel dogs vcre anesthetized by intraperitoneal injection of 30 mg/kg. of sodium pento- 
barbital. The femoral arter>’ was cannulated for blood pressure registration and all injections were 
made into the femoral vein. Benadrjd was usually given in doses of 100 mg. either intravenously or 
intramuscularly or both, until the depressor response of liistaminc was almost abolished. BAL was 
given as an emulsion intraperitoneally, intravenously or intramuscularly. The stimulating sub- 
stances were employed in the following dosages: 0.2 cc. adrenalin i : 10,000; choline, 16 mg.; histamine, 
0.04 mg.; barium chloride, g mg.; angiotonin, 8 units; tyramine, i.o mg. 

The isolated rabbit’s ear was perfused by the method described by Page and Green (6). Ben- 
adryl solution (0.2 cc. containing 0.02 mg.) was added to various vasoconstrictors and injected into 
the stream perfusing the ear vessels. Control injections without Benadryl were made also. The 
results were recorded in terms of the number of minutes, the drop rate was reduced below the control 
value, and the percentage reduction as well. 

The effect of increasing intravascular pressure in the experimental animals was measured by a 
reservoir recording on kymograph paper. The pressure witliin the reservoir was controllable. A 
caimula in the femoral artery was connected by plastic tubing to the reservoir. This apparatus has 
been described by Glasser and Page (7). It provides a satisfactory way of measuring the uptake and 
output of blood or other fluid under a controllable arterial pressure. 

RESULTS 

Intact Animals 

Benadryl and BAL Trealmcnl. Repeated intravenous injection of Benadryl w 
loo-mg. doses causes the adrenalin response to decrease to about 60 per cent of the 
control value, but it usually does not go much below this (table i). Histamine 
responses, on the other hand, are more quickly and more completely abolished. The 
responses to angiotonin and barium chloride are reduced but not abolished, 

BAL alone in doses of 0.5 cc. intravenously or 2 cc. intramuscularly abolishes 
the adrenalin response in some experiments, while arterial pressure is only moder- 
ately reduced. In most, the reduction averages almost 70 per cent of the normal 
response. The effect on histamine is insignificant. The response of tyramine ap- 
pears to be reduced, but it is difficult to be certain because of tachjTohylaxis. BAL 
also reduces slightly the depression of arterial pressure by choline. Amgiotonm an 
renin responses are not conspicuously affected. 

When the two drugs are combined, usually by giving repeated doses of Benadry 
by vein and BAL intraperitoneally and intramuscularly, the responses to all of these 
pressor and depressor substances may be reduced significantly or abolished. Host 
importantly (table 2) the arterial pressure is often maintained at normal levels or 
periods ranging from 10 minutes to an hour. But sudden fatal collapse may occur 
without warning at any time. None of these animals survived, even though attempts 
were made to maintain pressure bj’^ intra-arterial transfusion with blood or nor 
salt solution. 
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Effccl of Bcuadryl on Isolated Blood Vessels 

Since Benadryl reduces the responsiveness of the vascular tree in intact animals, 
it seemed of interest to ascertain whether the same phenomenon would be demon- 


TaBLE I, EXAMBLE of effect of BENADRYL ON VASCULAR RESPONSrVT!NF-SS 


SUBSTANCE INJECTED 


Adrenalin 0,2 cc 

Adrenalin 0.2 cc.. . 
Histamine 0.04 mg. 
Angiotonin 8 units. 
Benadryl o.i gm.. . 
.‘\drcnalin 0.2 cc..". 
Benadryl o.i gm.. . 
Adrenalin 0.2 cc.. . 
Benadryl 0.1 gm. . . 
Adrenalin 0.2 cc.. . 
Benadryl 0.1 gm.. . 
.Adrenalin 0.2 cc... 
Adrenalin 0.2 cc... 
Benadrj'l 0.1 gm. . , 




TIME 

SlTDSTAN'Cn IN'JCCTED 



Tiin: 

mm. Ut 

mm. IIr 



mm. Ut: 

mm. Hg 


144 

82 

10:30 

Adrenalin 0.2 cc 

80 

28 

II-'SS 

144 

90 

10:34 

Histamine 0.04 mg 

76 

-8 

xi :59 

136 

-44 

10:37 

.'\drcnalin 0.2 cc 

82 

38 

12:38 

240 

40 

10:44 

Adrenalin 0.2 cc 

84 

42 

12:50 

xorss 

Bcnadri’l 0.1 gm 

r:o4 

122 

32 

10:59 

Angiotonin 8 units 

76 

14 

1:12 



11:00 

Adrenalin 0.2 cc 

72 

38 

1:16 

118 

44 

ir:o2 

Histamine 0.04 mg 

70 

-S 

1:20 



ir:o7 

Adrenalin 0.2 cc 

80 

42 

2:00 

104 

36 

11:14 

Adrenalin 0.2 cc 

80 

SO 

2:20 



11:20 

Barium chloride 9 mg... . 

84 

36 

3:02 

64 

34 

11:22 

Benadryl 0.1 gm 



3:06 

96 

40 

11:42 

Barium chloride 9 mg. . . 

90 

18 

3-’io 



11:47 

Dog Avcight 15 kg 





Table. 2. ExAurLF. or combintd effects of bal and benadryl on pressor-depressor 

RESPONSES op AN ANESTUETKED DOG 



n^iTiAi. 

ritES- 

5 VRK 

RISE OR 
TAix r; 
ARTERIAL 
rRESStrRE 

TIME 

i 

1 

i 

unnAL 

ERES- 

sew. 

RISK OR 
TALL ll! 
arterial 

PRESSURE 

tivj: 


mm. f/g 

mm. llg 



mm. IJg 

mm. He 



.•\drcnalin 0.2 cc 

1^0 

84 

:oo 

1 Adrenalin 

Oa 

0 


TO 

Adrenalin 

1^2 

84 

:oR 

' Adrenalin 

78 

20 



Histamine 0.04 mg 

mS 

-50 

:on 

Adrenalin 

So 

10 


35 

A 4 

Histamine 

124 

— CO 

:oS 

; .Adrenalin 

tS 

12 


Barium chloride 15 mg.. 

T 20 

2S 

:ii 

: Adrcn.ilin 

So 

iS 



B.\L 0.5 cc. intravenous 

T32 

— 1 10 

:iS 

Histamine. 

72 

-52 


K 2 

.Adrenalin 0.4 cc 

22 


'-5 

: Bcnado’l 0.1 gm. intra- 




.\drcn.ilin 0.2 cc 

44 

32 

:3 a 

\ 

venous. 





•Adrenalin 


24 

• 4 o 

' Benadryl o.r gm 





Adrenalin 

30 

22 

-■49 

i Adrenalin 

74 

1 

13 1 

2 

iS 

.Adrenalin 

t 

26 

= 53 

, Histamine 

80 

0 


ro 

Adrenalin 

68 

^ «» 

1:09 

Barium cltloride 

So 

10 


22 

Adren.aUn 

54 

8 

:x6 

Adrenalin 

106 

14 


3 => 


strable on isolated blood vessels. To this end, the vessels of llic isolated rabbit^s 
c.ars were perfused ufth phosphate containing Ringer’s solution and Benadr3-1 along 
with the siimulating substance injected into the stream of perfusing fluid. 

Tire results (tabic 3) s.hov,- that the response to histamine, adrenalin, trraminc. 
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angiotonin and rabbit’s serum are all significantly reduced or abolished. Serum 
vasoconstrictor (Serotonin) and adrenalin were found the more difficult to block. 
Comparable results were obtained when the ear was perfused with diluted normal 
dog plasma. That the blood vessels were not irreversibly poisoned by the Benadryl 
is shown by the fact that within a few minutes, responses equal to those of the con- 
trol injections returned. 

Fluid Exchange: Intact Animals. When the pressure in a reservoir containing 
0.9 per cent saline cormected with the femoral artery is equal to or slightly above 
arterial pressure, little fluid enters the circulation in normal dogs. In some normal 
appearing animals, however, the uptake from the reservoir may be as high as 500 cc. 
over a period of an hour or more, but this is exceptional. 

Whether animals in which vascular refractoriness had been elicited by Benadryl 
and BAL would take up more than normal amounts of fluid was next determined. 


Table 3. Example of effect of benadryl on constriction produced by injection of 

VASOCONSTRICTORS INTO THE BLOOD VESSELS OF ISOLATED RABBIT’S EAR, PERFUSED 
WITH phosphate-ringer’s SOLUTION 



It was immediately apparent that such animals took up grossly abnormal amounts? 
and their time of survival was shortened. It was as though the least pressure on 
the vascular tree caused it to dilate and make room for large amounts of fluid, or 
that the permeability had so increased that the fluid immediately ran out into 
the tissues. 

Since we had foimd that bum shock produced vascular refractoriness, some of 
these experiments were repeated with the additional measurement of the fluid ex- 
change. Under deep anesthesia, the hind and fore quarters of the animal were 
dipped in boiling water for 2 minutes. At no time was the anesthesia lightened 
before death. 

The response to adrenalin, histamine and barium chloride after scalding was 
roughly one fifth that before. One example will be given to illustrate the group 0 
experiments. For 3 hours, even at a pressure within the saline-containing reseivoir 
connected to the femoral artery of 160 mm. Hg, blood flowed slowly out of the amma 
into it. Then flow w'as reversed and ever greater amounts of saline mixed with bloo 
flowed back into the animal until during the last 40 minutes of the animal’s lifO) ® 
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rate reached the high value of 1512 cc./hr. The total uptake was only 2722 cc. 
despite the high pressure initially maintained in the reservoir. 

Another experiment which seemed comparable as to survival time was selected 
to illustrate some differences in fluid exchange when Benadryl was given before and 


Table 4. Effect of scalding on the pressor-depressor responses and fluid intake 

(exp. 29) 


SUBSTANCE iNjnCTED 

1 

TTUE, HOURS : 

INITIAL BLOOD 
PRESSURE 

RISE OR FALL 

SALTNT EXCHANCn,* 
CC. PER HOUR 

.Adrenalin 

:oo 

162 

82 


Histamine 

:oo 

168 

-48 


barium chloride 

:oo 

160 

22 


Scalded 





Adrenalin 

••IS 

IS 4 

32 



Reservoir opened 160 mm. Hg 


Adrenalin 

1:15 

172 

34 

— no 

Adrenalin 

2:1s 

132 

12 

“20 

Adrenalin 

3:1s 

116 

16 i 

— 140 

Adrenalin 

4:18 

lOO 

14 j 

30 

Adrenalin 

5:20 

100 

iS 

ISO 

Histamine 

6:22 

112 

-28 


Barium chloride 

6-33 

1 14 

16 

516 

•Adrenalin 

7:40 

112 

iS 

7S4 

Adrenalin 

8:30 

110 

24 

1512 


’ Fluid uplake by the dog. 


Table 5. Effect of scaldi.ng on the pressor-depressor responses and fluid excuange 

OF A BENVUIRYL TREATED DOG (eXP. 32) 


SUBSTANCE 

iN'jKCTi:n 

TIME, 

hours: 

UlS. 

INITIAL 

BLOOD 

PRESSURE 

RISE OR 

TALL 

jl 

S.\L1NE EX- j 
CHANCE, J { 
CC. PER t 
HOUR ^5 

<1 

substanq: 

i.n;ected 

i 

Tiirn, 

hours: 

MIN. 

INITIAL 

BLOOD 

PRESSURi: 

1 iS.ALINE EX- 

PISE or! aiANCE,* 

■ tall j CC. PER 

1 HOUR 





1 ! 

Reservoir opened at no mm. Hg 

-Adrenalin 

.'00 

142 

70 

i- 

Histamine 

o 2 

112 

1 

0 

1 

0 

IlisCimine 

:c>o 

136 

-sS 

ii 

Adrenalin 

i:S 4 

no 

CO 

0 

0 

‘*1- 

Benadrj -1 





Adrenalin 

2:54 

loS 

48 i 2S4 

Choline 

too 

140 

-42 

;; 

Bcn.adrj -1 



! 

• 

llist-aminc 

too 

13S 

-16 

;■ 

Choline 

3:54 

112 

4 1 579 

Choline 

too 

134 

“12 


Adrenalin 

4 •’59 

Its 

48 ; SOS 

Sc.ildcd 





.Adrenalin 

7:10 

loS 

34 i 723 

.Adrenalin 

tiS 

ri2 

72 


.Adrenalin j StJ7 

loG 

26 i 1133 

Histamine 

:;o 

106 

0 





s 

r 


* Fluid uptake by the dog. 

two hours after tlie scald. The response to adrenalin was somewhat better main- 
tained but the hist.aminc and dioline responses were greatly damped. The total 
fluid uptake, despite tJie lower pressure in the rescr.‘oir (no mm. Hg) tvas 3464 cc., 
whid) is 742 cc. more than in the example of tlic dog untreated witli Benadrad. 
I'-5ght e.vj>e.rimcnts showctl the same trend. When both Bcnadr}*! and were 
.administered, fluid uptake was further enhanced. 
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DISCUSSION 

The problem of refractoriness of blood vessels to stimuli has received little atten- 
tion. We have been at some pains to point out that tach}'phylaxis and refractori- 
ness are different phenomena, though easily confused (8). Repeated administra- 
tion of renin quickly leads to tachyphylaxis and its appearance is dependent -on the 
repetition of the dose of renin. Angiotonin, the product of the action of renin on 
renin-substrate, on the other hand, may be given many times without reduction of 
response. But, if the central nervous system of the test animal is injured or tiie 
animal is thrown into shock by burn or tourniquet, then the response diminishes or 
is lost. The reduced response in this case is not dependent on the repetitive admin- 
istration of the stimulant. 

Vascular refractoriness, not tach5q5hylaxis, is the concern of this communication. 
Doubtless the former can be produced by many substances, but we have chosen 
Benadryl because of its known antihistaminic action and BAL because of its ability 
to block the action of a variety of enzymes. As it soon became evident, both sub- 
stances affect many vasoactive substances and their administration, together in 
large doses, produces refractoriness, in some cases complete, to such agents as 
adrenalin, angiotonin, t3nramine, choline, histamine and barium chloride. Despite 
the loss of responsiveness, the arterial pressure may be maintained at normal or even 
elevated pressures for half an hour or more to be followed without warning by vas- 
cular collapse. 

The action of Benadryl and BAL in producing refractoriness seems to be due 
chiefly to their direct action on blood vessels because the same type of blocking occurs 
at least with Benadryl in the vessels of the isolated rabbit’s ear. 

The capacity of the vascular tree appears to be increased when vascular refrac- 
toriness is elicited. This is deduced from the observation that the uptake of saline 
from a reservoir maintained at a constant pressure, but initially at or above arterial 
pressure, is considerable an hour or more after severe scalding. An alternative 
or correlative explanation is that vascular permeability increased and saline flowed 
much more rapidly out of the blood vessels. Our experiments do not indicate which 
explanation is the more valid. 

"When Benadrjd was administered to add to the vascular refractoriness elicited 
by scalding, the uptake of fluid appeared to be further increased. So far as we 
could teU in experiments with so many variables, survival time of the dogs was not 
reduced. But if both Benadryl and BAL were given before the scald and refractor- 
iness was all but complete, the uptake of fluid was greatly enhanced and survival 
time greatly reduced. The severe vascular refractoriness so elicited must have 
significantly increased vascular capacity by dilatation, increased vascular perme- 
ability or both. 

SUMMARY 

Refractoriness to chemical stimuli has been produced in dogs by administration 
of large doses of Benadryl and BAL. Arterial pressure may be well maintained for 
30 minutes or more, but circulatory collapse follows. This phenomenon may be 
an artificial prototype of the refractoriness occurring in shocked animals. Refrac- 
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loriness is probably in part due to direct action of Benadryl on the blood vessels 
because when perfused along with chemical stimulants tlirough the vessels of iso- 
lated rabbits’ ears, vasoconstriction is significantly reduced or abobshed. Refrac- 
toriness reduces the ability of the vascular tree to withstand increased pressure 
transmitted to it from a pressure reservoir containing normal salt solution as dem- 
onstrated by rapid uptake of fluid. Similarity is found in the response after 
severe scalding, for here too, as refractoriness increases, uptake of fluid acceler- 
ates, Benadr>'l and BAL given in sufficient doses to produce refractoriness fur- 
ther augments the effect of scalding in that fluid uptake increases and sundval time 
decreases. 
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VARIATIONS OF VASCULAR REACTIVITY IN NORMAL 
AND HYPERTENSIVE DOGS 

IR\T:NE H. page and R. D. TAYLOR 
From the Research Division of the Cleveland Clinic Foundation, and Bunts Institute , 

CLEVELAND, OHIO 

R esponses of blood vessels to stimuli — the vascular reactivity — ^may be 
measured in a variety of ways; in this investigation the pressor-depressor 
^ response to intravenously injected drugs has been chosen. This is conven- 
ient. Also, the suggestion has been made recently (i) that experimental hyperten- 
sion might be initiated by a renal pressor substance, but the hj^ertension being 
maintained in a matter of weeks by the nervous system, so relegating the humoral 
mechanism to insignificance. 

The evidence for this view is of three sorts. The first is that increased pressor 
reactivity occurs directly after induction of hypertension to a variety of vasotropic 
agents, such as adrenalin and pituitrin, the increased sensitivity preceding actual 
elevation of arterial pressure. After several weeks, reactivity decreases. Pento- 
barbital, which presumably acts chiefly on the nervous system, exliibits little ten- 
dency to lower blood pressure initially, but as the adrenalin response decreases, that 
to pentobarbital increases. The second is that examination of peripheral blood 
seems to show renin to be present in measurable amounts during the first week of 
experimental hypertension, only to disappear later. The third is that the early 
removal of the presumed hypertension-producing kidney cures the hypertension 
but late removal has little or no effect. 

If substantiated, the concept would have an important bearing on further studies 
of vascular disease. But so far support for the view is conflicting. Several years 
ago, Page (2) found no consistent difference in the pressor response to angiotonin 
before and after induction of hypertension by means of silk perinephritis or clamping 
the renal artery. It seemed desirable to extend this investigation to include study 
of vascular reactivity to substances other than angiotonin. Further, it has become 
abundantly evident that the response to pressor and depressor drugs often varies 
widely in an entirely unpredictable fashion, not only from da)'' to day, but from hour 
to hour. We have therefore gone to some pains to make the conditions under 
which the measurement of vascular reactivity as uniform as we could. The pur- 
pose of this paper is then to examine, under carefully controlled conditions, the re- 
sponse to vasoactive agents, some acting more centrally, others more peripherally) 
before and after the development of experimental renal h3Tiertension. 

aiETHODS 

Arterial pressures were recorded by means of a mercury manometer on a smoked drum. 
rin was used in the tubing and the femoral arterj' was cannulated. All injections were given 1 
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femoral vein. The conccntralions and doses of the %'arious stimulating agents were: i) 0.2 cc. 
adrenalin 1:10,000 dilution; 2) 0.15 cc. nicotine 1:1000 dilution; 3) 0.04 mg. histamine phosphate; 
4) 0.5 cc. barium chloride rS mg/cc.] 5) 0.5 cc. angiofonin 10 ir/cc.; 6) 0.2 cc. renin; g) 10 mg/kg. 
body weight of Ictraclhylammonium chloride, TEA (Etamon; Parke, Davis and Co., 100 mg/cc.). 

Some of the dogs were tested with and without anesthesia, but most received the usual dose of 
35 >ng/hg. of pentobarbital sodium intrapcritoncally and the test conducted from one to one and a 
half hours after the injection. Hypertension was elicited by the silk perinephritis method of Page 
(3) in some eases both kidneys being wapped and in others one kidney wrapped and the other 
removed. 

RESULTS 

Change in Vascular Rcaclivily During Single Experiments and 
Dijfcrcnt Days in the Same Animal 

It was first of importance to know the degree of spontaneous change of vascular 
rcactivitj' during tlie course of a single c.vperiment. The results in table i show the 
rather wide changes occurring with nicotine and the less variant ones of adrenalin, 
histamine and barium chloride. Some of the differences for an}'^ of these drugs may be 
wide and demonstrate, we believe, the unreliability of accepting single tests as repre- 
sentative of the average vascular response. For e.\'ample, in tests on 267 normal dogs, 
the initial response to adrenalin averages 10 mm. Hg less than succeeding doses. 

Taken in normal dogs on different days over periods of months, much wider 
changes in vascular responsiveness occur (table 2). Thus in e.vperiment 414, tabic 
2, the adrenalin response varied from the e.vtremes of 20 to 58 mm. Hg; nicotine from 
—84 to -f-42; angiotonin from 16 to 28; and bariutn chloride from 10 to 22 mm. Hg. 
No relationship between response and the initial height of the arterial pressure was 
observed. Tims, unless an average response is obtained, confirmed over a reason- 
able period of time, individual determinations of vascular reactivity may be 
grossl}’ misleading. 

It is of especial interest that tetraethyl ammonium chloride (TEA) which blocks 
autonomic ganglionic transmission (4) and is thought to measure autonomic partici- 
pation in maintenance of the level of arterial pressure, produces an even wider vari- 
ety of rcspon.=e on different days, ranging from definite lowering to actual elevation of 
blood pressure. This seems strong evidence that factors controlling blood pressure 
must vary significantly not only front minute to minute but from week to week, as 
suggested by Levin.son, Reiser and Ferris (5). 

Arrni;:e Vcseiilar Rcsponshcncss in Anesthetized Dogs 

In spite of the wide variability in response by repeated tests on a large number of 
dogs, it is possible to obtain an average value which is demozjstrabh' useful in compari- 
son vriih values obtained after experimental treatment of the same animals. The 
results of the c-xaminalionof 65 dogs one to two and a half hours af^lerintrapcritoneai 
;uhnini?lr.ition of pentobarbital (35 mg/kg. body weight) v.-itii an avertige weight of 
0.8 kg. show; 

Aw-kaoc in,r,^os'<r. or Oy axTsTiJETirsn (rtirerosxnmTAi.) jyyo?. to vasoxctim: aok;,ts 
suTii-jvx rav'txr.j: irs::: Ixa 

C.hxr.rc- ;r, 
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Table i. Vascular REAcnvixE throughout single experiments 


EXP. 

ADREKAEIN 

NICOTIKE 

i 

HISTAinKE 

1 

BaCli 

1 

TIHE 

APTER 

A^^:s- 

THESIA 

GIVEN 








min. 


408 

42 

22 

-36 

10 

180 

42 

anesthesia light 


32 




170 

20 



26 

28 

-34 


164 

15 



28 

62 

— 22 


136 

160 



28 

10 

-32 


140 

88 

ver3' light 


28 

12 



138 

20 




10 

—20 


146 

56 

very light 

418 

16 

36 

i 

i i 

178 




12 

28 


24 

180 

1^9 




1 46 


1 

176 

20 


416 

88 

44 



n 

30 




58 




20 




62 


s 

1 

182 

30 


342 

32 


-28 

1 

24 

132 

90 



SO 



1 

1 

120 

18 



26 


— 20 

18 

114 

59 


353 

28 ! 

—10 

-44 

8 

152 

65 



36 

— 10+6 

-40 

4 

140 

66 



36 

—36+28 

-52 


120 

70 



30 

— 22+22 

-54 


116 

48 

Pentobarbital 


30 

—40+18 

— 60 


128 

61 



36 

-38 

-48 


130 

57 



32 

— 18+12 

-30 


108 

II 

Pentobarbital 


16 

-40 


16 

112 

56 


414 

26 

42 

-28 

22 

136 

13s 

8/ 9/46 


20 

18 

-30 


140 

60 



36 

30 

-30 

30 

168 

120 



46 

26 

-30 


168 

21 

8/20/46 


28 

34 

-42 

r6 

142 

10 



42 

-56+18 


10 

128 

100 

9/30/46 


48 

— 62+12 


i 

124 

30 



38 

-84 

-36 


126 

60 



44 


-30 


132 

20 

12/ 2/46 


S8 




126 

20 



38 



i 

120 

10 



Vascular Reactivity Before and After Induction of Hypertension 

It was of especial importance in these experiments to have sufficient numbers of 
control responses before the hypertension was elicited. At least some, although by no 
means all, of the variable factors which confront such inquiries are eliminated by 10 
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metliod of using the same animal both as normotensive control and hypertensive sub- 
ject. In table 3, tlie average values are given before, during the development and 
after tJie liypertension liad been well established. In some animals, the tests were 
repeated within a few days or weeks of applying the wrappings to the kidneys; in 
others only wlien hypertension was present for several months. 

If allowance is made for the variability in vascular responsiveness which may 
occur spontaneously, it will be apparent that no trend is established in response to 
adrenalin, nicotine, histamine, barium chloride, renin, or TEA. Nicotine, as usual, 
showed the greatest variability, yet no relationship of response to the maintained 
average level of arterial pressure was evident. For example, in cxpcrmcnl 41S, the 
response to nicotine on August 20, with blood pressure at 186 mm. Hg was 8 mm. Hg, 


Tabck 2. Vascular reactivitv jk same dogs ovrER long periods of time 


KXP. 

ACRENAUN 

MCOTINK 

niSTA- 

KIST 

BaCh 

AKCIO- 

To;;iN 

TEA 

B.P. 

WT, 

T>ATr. 


423 


24 

—46 




140 

12,3 

2/ 2/47 




30 

-54 




134 

ir.9 

2/ s/47 




92 

-42 



-66 

130 

It. 2 

2/18/47 


5 ri 

-pJO — 20 

— I 4 -}-i 8 

-46 




160 

to. T 

1/24/47 



12 

18 

—62 


16 

-48 

T40 

10.3 

2/10/47 



28 

86 

-52 

' 

26 

-f28 

122 

10.6 

2/20/47 

no anesthesia 


34 

40 

-42 

72 

22 

-42 

102 

IX. 9 

3/ s/47 



48 

\ 

40 

-so 

44 


+38 

lOo 

14.5 

9/ 9/47 


414 

l 

j 26 

58 

-26 

22 



23S 

13.6 

8/ 9/46 



36 

34 

-30 

30 



i68 

13.6 

8/20/46 



i *’* 

.~56-fiS 


10 



I2S 

13.8 

JO/30/46 



; 36 

S 


- 3 ^» 




126 

13-9 

12/ 2/46 



1 ^6 

s 

-SO 

14 

22 

+10—18 


11. 0 

3/ 7/47! 


S6 

to 

-36 

14 

28 

+32 

riS 

13.0 

6/27/47, 


while on November 11, with almost the same pressure, it was 102 mm. Hg. This 
might suggest that the nervous system had become persistently highly responsive 
during the period, were it not for c.\'perimcnts such as pS and 1S6. Here tlie nicotine 
response changed onh' from 20 to 26 mm. Hg despite the fact that blood pressure rose 
from mean of 140 to 196 mm. Hg. There seems to be no discernible relationship 
between either the height of the blood pressure or the time after hvjiertcnsion has 
been elicited and the response to the pressor-depressor agents employed. 


Cf'Utque of Ihc Method. Factors Possibly Iisjhtcr.citig Vascular Respoushencss 

if residence it: kennel. The responsiveness of common street liogs usually 
kept in the kennel a week or more was compared with others which had lived there a 
good i)art of them lives. We were unable to detect any regular difference in the re- 
sponses of litese two groups of animal, 

Trfr.percnicnt of the onirtal. W'heG onh* procaine hydrochloride anesthesia was 
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employed during cannulation of the artery, the temperament of the animal would be 
expected to make a great difference in the drug response. Consistent differences 
were largely limited to the nicotine response, which usually was greater in excitable 


Table 3. Vascular REAcrrvirx before and after induction of hypertension 


EXP. 

ADREK- 

ALIN 

NICO- 

TINE 

niSTA- 

illNE 

BaClj 



TEA 

B.P. 

WT. 

BATE 


ZO4 

II3 

127 

CO 

00 00 

6 

32 

so 00 

00 

1 1 

20 

14 

1 

y 

+14-38 

-so 

+22 

146 

240 

180 

9-3 

9-3 

6.1 

2/14/47 

2/24/47 

3/12/47 

Control 

Control; It. kidney wrapped 
and rt. nephrectomy 
Killed 

106 

26 



H 


B 


140 

13 

2/17/47 

Control 

122 

8 

0 

-44 


12 



140 

12 

3/ 6/47 

Control: It. kidney wrapped 

I 2 Q 

28 

4 

-42 

19 

14 

38 

-38 

120 

II . 8 

3/17/47 

Rt. kidney wrapped 4/9/47 

ig6 

+16—28 

12 

-36 

14 


24 

+14-14 

170 

12.4 

6/ 3/47 


sps 

S4 

16 

-28 

IS 




148 

13.2 

8/ 9/46 

Control; both kidneys 












wrapped 


30 

S2 

-S6 





200 

12.3 

11/13/46 



60 

48 

-74 





192 

12.3 

n/13/46 



42 

44 

**44 





ISO 

II. s 

I/2S/47 



66 

7200 

— 22 

28 



-S2 

190 

11.8 

2/21/47 

No anesthetic used 


62 

38 

-44 

26 

30 

28 

—12 

204 

14.2 

4/ 9/47 


98 

26 

20 

-38 





140 

14.7 

1/28/47 

Control: both kidneys 












wrapped. 

JOX 

36 

22 

-S 8 




—22 

ZI 6 

13.2 

2/ 4/47 


186 

+18—22 

26 

-40 

10 

12 

14 

+14-32 

196 

14. 0 

5/17/47 


m 

26 

34 

-30 

20 

4 

14 

-42 

160 

13.0 

6 / 3/47 


418 

26 

28 


24 




124 

9.2 

8/ S/46 

Control; both kidnej-s 












tvrapped 


20 

8 

-36 

12 




186 

9.1 

8/20/46 



60 

102 

-76 

24 




184 

9.0 

11/ 4/46 


576 

30 

10 

-18 

8 


42 

+24—10 

no 

8.4 

3/29/47 

Control 


S4 



18 


64 


II 6 

8.2 

4/ 2/47 

Both kidneys wrapped 


90 

+30-28 

-44 

32 


94 

+70 

174 

8.6 

6/27/47 



70 





46 






SfO 

34 

22 

-30 

20 



—72 

no 

10 

2/24/47 

Both kidneys wrapped; no 












hypertension developed 


72 

26 

-42 

22 


24 

+12-24 

112 


3/12/47 



iSi 

40 

—28+20 

-18 

20 


34 

+30—30 

ISO 

7.6 

s/13/47 

Control 


94 



18 








198 

80 

34 

—30 

24 


46 

-88 

190 

7-7 

Rt. kidne; 

V wrapped s/i 3 • Tested 6/4 


132 



60 


44 






250 

26 

34 

—36 

36 

16 

20 

+26-66 

220 

7-9 

8/ 8/47 



70 


-30 

so 


42 







animals. The stimulation of respiration elicited probably participated in making the 
animals apprehensive. Often responses even greater than those without anesthesia 
were observed under pentobarbital anesthesia. 

JV eight of animal. A careful attempt was made to demonstrate a direct relation 
ship between the weight of the animal and amount of drug used as stimulant but wi 1 
little success. It was therefore abandoned in favor of standard doses. The excep 
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tioii was TEA with which the standard dose of 10 mg/kg. body weight was used. 
Even here it is not certain that the results were more uniform. 

Depth of anesthesia and initial blood pressure. We were able to confirm our earlier 
observ^ation (2) that within reasonable limits, the depth of anesthesia and the initial 
lieight of the blood pressure did not influence responses in a regular fashion. In a few 
dogs, the pressure was held at various levels by the method of controlled bleeding (6). 
The responses when the pressure ranged from 80 mm. Hg to 160 mm. Hg showed no 
consistent trend. 

Character of the blood pressure response. The order in which these drugs were 
given, provided the blood pressure had returned to control let'els before the ne.vt drug 
was given, did not alTcct the results. Nevertheless, the plan was adopted of giving 
them in the following order: adrenalin, nicotine, histamine, barium chloride, angio- 
tonin, renin and TEA. 

We have repeatedly noticed that a second dose of adrenalin at the beginning of 
of the e.xperimcnt usuall}' produced a greater response than the initial one. At times, 
the latter was biphasic, so reducing the total rise in pressure. Tiiis could be overcome 
in most animals by repeated administration of the drug. This has been done before 
accepting the control reading. These deviations from the more usual pattern point 
to the need for recording the form of induced changes in arterial pressure. Methods 
in which the pressure change is read off a manometer from time to time, such as those 
commonly used in unanesthetir.ed rats and rabbits, would almost surely miss such de- 
viations, thus 3delding false values. We believe, therefore, that correct evaluation 
of the induced changes in blood pressure is dependent on recording these changes to 
ascertain that the response is not a deviant one. 

Tubocurarin. Since the test was a painless procedure, it was hoped that re- 
laxation could be secured by intravenous tubocurarin, so avoiding general anesthesia. 
The amounts given and examples of this kind of e.xpcriment are shown in table 4. An 
attempt was made to produce cither a gradually increasing paral3’sis or a ver>' rapid 
one, Neitlier method aided in increasing the uniformity of response," rather the 
reverse was true. 


Local anesthesia. Seven dogs with wideh' varadng temperament.'; were studied 
with only local procaine-hydrochloride injection to prevent pain during cannulation of 
the artery. The differences in apparent emotional state arc indicated in table 5. 
The adrenalin responses, although more variable, resembled in intensit}* those under 
general anesthesia. Nicotine responses were certainK’' greatly increased and unusu- 
ally varia!>!c while renin, angiotonin and barium were only somevhat less variable. 
'To our surprise, deg r/r, which liad alwax'S shown a docile and quiet temperament, 
exhibited a rise of more than 200 mm. Hg with the standard dose of nicotine, which is 
150 mm. Hg more than in normal ancsthetired dogs of the control group showed. 
The n5ost v.-idclj' fluctuant response, however, was that to TE.A, which ranged from a 
f.ali of 66 mm. Hg to a rise of 3c mm. Hg and slio'.vcd no apparent relationship to the 
outwanl appe.arancc of calmness of the dog. In a fev; cxt>oriments, for exrsmple, dog 
e5d (tahh t). after repeated testing without anesthesia, pentobarbital was given and 
the testing rc]vo-.ited. It is suq}r5sing how little, rat!:cr than how much, tljc res;>on- 



Table 4. Effect of tubocurarin paralysis on vascular responsiveness 


EXP. 

TUEOCn- 

EAEIN 

TIME 

AFTER 

ADRENALIN 

NICOTINE 

I 

HISTAMINE 

ANGIO- 

TONIN 

B.P. 



CC, 

win. 





mm. Hg. 


P 3 

I.O 

IS 

0 

42 

0 

18 

182 

Animal now pithed par- 


20 

14 

38 


14 

140 

tially 




9 

12 

0 



60 




10 

2 


j 

j 

44 

Arterial transfusion of 









saline 



5 

18 




64 

Pressure at 64 mm. Hg 



3 

24 

32 


4 

64 



j 

IS 

36 

30 


3 

64 


97 

2.0 

10 

+12—18 




146 



0.2 

10 


160 



164 



0.2 

10 

22 


—20 

22 

134 


106 

0 j 


26 



i 

140 



0.4 

2 

44 




130 



0-3 

6 

10 

38 



62 


94 

0 

- 

26 

32 



88 

49 minutes after bilateral 








adrenalectomy under 
ether. No anesthetic 










required for exp. 


0.7 

6 

S2 

S6 



SS 

Artificial respir. started 



6 

38 



38 

66 




7 

II 

46 

34 

46 

46 



36 

SO 

Both vagi cut 

Arterial transfusionX.of 









saline at S® in'®- Rs 



3 

34 

16 


20 

40 

Both carotids tied 


Example of the Effect of Temperature Change 


EXP. 

RECTAL 

TEMP, 

TIME 

ADRENALIN 

NICOTINE 

1 ; 
1 ! 

j HISTAMINE 

BARIUM 

CHLORIDE 

B.P. 




min. 



1 




443 

107.6 

0 

22 

22 

-46 

6 

124 

Anesthesia light 


III 

67 

34 

22 

-44 


122 



no 

48 

28 

46 

-38 


130 



II 2 

90 

30 

48 

-44 


134 



101 

S6 

28 

56 

-48 


130 



100 

49 

30 

38 

—46 


130 



99.6 

27 

18 

rS , 

-36 i 

30 

128 



Table 5. Local anesthesia (novocain) and vascular reactivity 


EXP. 

ADREN- 

ALIN 

NICOTINE 

HISTA- 

MINE 

BARIUM 

CHLORIDE 

ANCIO- 

TONIN 

BENTK* 

TEA 

B.P. 

coKoniou 

107 

108 
jop 

JIO 

III 

153 

172 

22 

S8 

16 

28 

66 

34 

18 

92 

88 

86 

>200 

-46+28 

-42 

0 

-S2 

— 22 

-48 

28 

16 

10 

26 

42 

20 

54 

60 

20 

24 

14 

8 

-24 

-66 
. +30 
+28 
-52 
+8-46 

172 

132 

160 

132 

190 

102 

124 

Excited 

Calm 

Excited 

Very calm 

Calm 

Moderately excited 
Calm __ _ 


1 0.1 cc. of renin instead of the usual 0.2 cc. 
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Effect of temperature change. A copper-lined cradle with heating coils was built 
so as to contain the animal’s body within it. A thermocouple connected with the 
temperature control of the cradle inserted into the rectum controlled the temperature 
of the cradle by the desired temperature in the rectum. By this means wide, con- 
trolled variations could be induced. 

Examples of these experiments are given in table 4, Changes from 100 to iii°F. 
produced no consistent change in adrenalin, histamine or nicotine response. Tem- 
perature appeared to affect the response hardly at all. Clearly, the small changes 
which occur during the usual test is not a deciding factor in the changing response, 
Rodbard (7) recently found no difference in adrenalin or acetylcholine response either 
in hypothermic or hyperthermic chiclcens, rabbits or turtles. 

Muscular relaxation loith inyancsin. Berger and Bradley (S) showed that or-^- 
dihydroxy-7-(2-melhyl-phenoxy)-propanc (Myanesin)^ produces muscular relaxa- 
tion and paralysis after its intravenous injection into animals without causing re- 
spiratory arrest. 

Myanesin (100 to 150 mg/kg.) produced moderate relaxation with a curare-like 
effect which lasted 7 to 10 minutes. The vascular responses determined before and 
after the drug showed them to be slightl}’- augmented by it. The usual increase from 
TE.A. was observed after its administration. 

Use of myanesin was not continued because of the difficulty of keeping the paraly- 
sis and relaxation uniform. Further administration of the drug often led to vomiting 
and the extreme salivation made it diflicult to keep the airway free. Greater doses 
than 150 mg/kg. usually caused the animal to become moribund. 

Fluid administration. A femoral artery of a normal, anesthetized dog was con- 
nected to a rcsenmir containing normal salt solution or blood kept under a fixed air 
pressure as used by Kohlstaedt and Page for intra-arterial transfusions. The pres- 
.surc in the reservoir was then naised almost 20 mm. above the systemic arterial pres- 
sure. Salt solution flowed into one animal, for example, at the rate of 300 cc/hour 
until 4S2 cc. had entered the circulation. Vascular responses were unclianged from 
the control levels. Large volumes of fluid may be taken up by some animals under 
these circumstances, while in others there is little or none. Irrespective of this factor, 
the result on vascular rc.sponsivcness was insignificant in these otherwise normal 
animals. 


nisctJSSioN’ 

The closer c.xamination of the method of assaying vascular reactivity has been 
rewarding since it shows how intricate the method is. Not only do changes in re- 
activity occur over periods of days and weeks but within hours and minutes. From 
the conceptual point of view, the consfancx* of the rc.sponscs might be stressed since 
the wide %-aricty of changes c.xpcrimcnlally induced must have subjected the homeo- 
static mechanism of the body to great strain. Bui it is this as yet uncontrollable 
van-abiiity which makes difficult the interpretation of results obtained by use of such 
methods. 

Ve h.ave studied .a variety of factors wijich might be concerned in the stability 
of vascular res|>onsivene.s5. Among them are tiie length of residence of Uic street 

* V.V thank Dr. F. Hcr'-rtr {.jr s junply of myarscslri. 
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dogs in tlie kennel, the temperament of the animal, the weight, the depth of anesthe- 
sia, the initial blood pressure, lack of anesthesia, internal temperature changes, arti- 
ficial alteration of the level of arterial pressure, and the effect of relaxing agents such 
as tubocurarin and myanesin and finally, artificial changes in blood volume. None 
of these seems to be of decisive importance. Possibly the most significant obser\’a- 
tion is that pentobarbital anesthesia of moderate depth does not conspicuously alter 
tlie responsiveness to the test drugs with the exception of nicotine. Relaxing drugs 
such as tubocurarin and myanesin seemed to increase the variabihty of response 
rather than stabilize it. Of practical importance is the rather obvious but frequently 
neglected observation that unless the sweep of the blood pressure change is recorded, 
many important abnormalities such as diphasic responses are easily missed. In most 
studies on reactivity in rats and rabbits, serial unrecorded blood pressure measure- 
ments have been customary hence are subject to this error, an error which may be 
great. 

Urdess the normally wide variability in vascular responsiveness is weighed against 
experimentally-produced changes, wholly misleading conclusions may be drawn. 
When such a comparison is made in the same dogs before and after being made hyper- 
tensive by wrapping the kidneys in silk, it appears that neither early or late in the 
course of the hypertension is there any significant change in reactivity. As stimu- 
lants to measure reactivity, adrenalin, nicotine, histamine, barium chloride, angio- 
tonin and renin run the gamut from largely centrally-acting agents to those acting 
chiefly on the vascular musculature. In 1941, Page (2) studied the same problem 
using angiotonin as the stimulating substance and similarly foimd no difference be- 
tween normo tensive and hypertensive dogs. During the next few years the stimulating 
hypothesis of Ogden (i) was presented. In essence, he suggested that the initiating 
mechanism of experimental renal hypertension was humoral, but after a period of 
weeks, the nervous system usurped the power of maintenance of the hypertension and 
presumably the humoral stimulators disappeared. The evidence is obtained chiefly 
from vascular sensitivity tests with pentobarbital, yohimbine, adrenalin and pitres- 
sin studied in rats and rabbits and using, for the most part, unrecorded discon- 
tinuous blood pressure measurement. Our earher and present results together 
with recent ones of Moss and Wakerlin (9) do not support this hypothesis. 

As we have pointed out before (10), testing of vascular reactivity in the manner 
all investigators have used does not rigidly exclude sensitivity changes. It is certain 
that the degree of response to one substance does not necessarily parallel that to 
another. Therefore, without employing the stimulating substance to which it is be- 
lieved a change in sensitivity has occurred, generalization is unsound. Further, it is 
conceivable that augmentation of responsiveness is just suflflcient to keep pace with 
increased humoral stimulation. The blood pressure rises but equilibrium is main- 
tained between the stimulant, an augmentor substance, and the muscle of the blood 
vessel. Further stimulation by the injection of a drug would not show the animal s 
vessels more sensitive than normal. 

The finding of Page and Taylor (ii) that TEA greatly augments the responsive- 
ness to angiotonin suggests this concept. If analogous augmentor substances occur 
naturally, and we assume this to be the case in the sensitization phenomenon follow- 
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ing bilateral nephrectomy, only enough might be produced to maintain equilibrium 
between humoral stimulant and receptive vascular muscle. 

Cold pressor tests in animals with experimental renal hjqDertension have not 
shown any increased responsiveness according to Thomas and Warthin (12). This 
is probably another form of chemical stimulation mediated by the ner\mus system 
and so may properly be added to the evidence cited to support the view that signifi- 
cant clianges in vascular reactivity arc not demonstrable by the method employed. 
That the method is capable of demonstrating change in vascular reactivity under 
certain conditions is sho\vn by observations (13, 14) in shocked animals. As shock 
deepens, the response to angiotonin and adrenalin progressively decrease, indepen- 
dently of blood volume and arterial pressure change. This can liardly be interpreted 
as anything but a loss of vascular reactivity. 

SUiniARY 

The response of tlie vessels to chemical stimuli as measured by arterial blood 
pressure change has been studied in 722 dogs. It was found to change during 
the same cxjieriment and on different days. There was no direct relationship between 
the response to one drug compared with another, though often they paralleled one an- 
other, Nor was it a function of the height of the blood pressure, weight, tempera- 
ment, length of kennel residence, depth of anesthesia, temperature, voluntarj’’ muscle 
relaxation, or intra-arterially administered salt solution. 

Neither early nor late after eliciting renal hypertension does the vascular reac- 
tivity to adrenalin, nicotine, histamine, barium cliloride, angiotonin, renin or tetra- 
ethyl ammonium chloride change in a characteristic fashion as to suggest the domi- 
nance of either the ner\mus system or a humoral mechanism in the production 
or maintenance of hypertension. 
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INFLUENCE OF PROTEIN, CARBOHYDRATE AND SALT ON 
ARTERIAL PRESSURE OF DOGS WITH EXPERIMENTAL 
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T he use of diets with widely varied protein, carbohydrate and salt con- 
tents for the treatment of patients with essential, malignant and nephritic 
h3rpertension came long before their validation by studies on experimentally 
hypertensive animals. But now that these are appearing, it is apparent that 
neither the results nor their interpretation present any uniformity. 

Although observations made on dogs with experimental renal h)^ertension 
are not directly applicable to man, if only for lack of proof of its identity with es- 
sential hypertension, stiU they offer suggestive information. The results obtained 
on dogs with renal hypertension must be considered separately from those on 
rats with h5rpertension produced by desoxycorticosterone and salt (i) because o 
the probability that the mechanism of the hypertension is different. This commum- 
cation is concerned only with the effect of dietary alterations on the arterial pressure 
of dogs with experimental renal hypertension. 


The published evidence in favor of the view that when renal excretory efficiency is good, g 
protein diets, tvith or without alteration in salt intake, elevate blood pressure and low ones re uce 
it, is as follows. Chanutin (2) noted that in normal rats high protein diets caused renal h>'pertrop y 
but no increase in arterial pressure. In rats subjected to subtotal nephrectomy, some of the amm^ 
developed hypertension when fed meat extract. Vemey and Vogt (3) found a surprisingly large in 
crease in arterial pressure when dogs with hypertension were fed meat plus salt for i to 7 days, or 
meat to which large amounts of urea had been added. Similar changes were not observed in anini 
ivith normal blood pressure. Confirmation of these results was furnished from the study of one 0 
by Maclachlan and Taylor (4). Rises of 30 to 60 mm. Hg occurred on a meat diet when subsUtut 
for one of biscuits. Feeding of 50 gm. of urea was followed by hypertension of the same magw 
as that caused by the high protein diet. The addition of large quantities of salt to the usu^ ° 
hypertensive rats does not elevate arterial pressure according to Grollman, Harrison and WiUiani 

The evidence suggesting that high protein diets do not have an effect on arterial pressure 
more convincing. Philipsborn, Katz and Rodbard (6) foimd a reversible rise in blood pri^urc 
only 2 of 14 hypertensive dogs fed high protein diets, and in those only’’ when renal insu c 
was present. Alpert and Thomas (7) could not demonstrate any effect of high protein diets in 
dogs with renal and two with neurogenic hypertension. Similarly, Guerrant, Scott and V\ ^ 
were unable to influence the arterial pressure of two hypertensive and two normal dogs wi 
protein diets or administered urea. . 

Some of the conflicting results may be explained by the observations of Wood and Cas 
foimd that in hypertensive animals gain and loss in weight, regardless of the nature of the ic 
associated respectively with a rise or fall in systolic pressure. Probably most of the results can 
so explained because the experimental diets were administered for too short a time to allow 
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cant wcijjht changes to occur. Careful study of the published data strongly suggests that tlie lack 
of agreement is due chiefly to disregard for tlic wide variations in normal blood pressure. Another 
possibility is one suggested by Guerrant, Scott and Wood (8) that some dogs witli clamps on tlie renal 
artery develop a less adequate capsular collateral circulation than others under the stimulus of large 
protein feedings. 

These factors have been given due consideration in our experiments. First, the 
diets were fed for a suflicicntly long period of time; second, the kidneys were wrapped 
in silk, thus preventing the development of collateral circulation; third, the trend 
of the average blood pressure level rather than a few measurements determined the 
decision as to whether the diet had an effect; and fourth, low protein, high carbo- 
hydrate diets were used as controls. The pattern of the plasma proteins was de- 
termined by the Tiselius electrophoresis method, 

METHODS 

Ordinary street dogs which had lived in the kennels for several months were used for the experi" 
ments. The diet consisted of dog biscuits and horse meat (one pound three times a week). Blood 
pressure was measured tlircc limes a week in a sound-proof room by direct femoral puncture. Sev- 
eral months were allowed for the heightened arterial pressure to become stabilized, Tlie diets 
were prepared in such a way as to be roughly Lsocaloric in order to prevent in so far as was possible 
significant weight gains or losses. The high protein diet consisted wholly of raw lean meat, c.tccpt 
in one experiment in which the meat was cooked. Hypertension w,is produced by wrapping both 
kidneys in silk or by removing one and WTapping the other (10). 

Tlie low salt diet consisted of one half pound of an almost sodium-free desiccated whole milk. 
This milk ('Lonalac', hfead-johnson) supplies 145 calorics/ounce and is composed of lactose 38 per 
cent; milk fat, a8 per cent; casein, solid, 27 per cent; calcium phosphate monobasic, 2.3 per cent; 
pota.ssium carbonate, r.g per cent; potassium chloride, 0.7 per cent; thiamin, 0.36; niacin, 0,54, and 
riboflavin 0.72 mg/ioo gm. The sodium content is 10 mg/ioo gm. One half pound of Lonalac was 
mixed with cool water into a thin p.astc, niic anim.als usually ate all of thi.s, receiving 1135 calorics 
per day. 


RESULTS 


nig;Ji Protein and High Carbohydrate Diets 


The results of 4 experiments were so consistent that the detailed data on the 
blood jrressure of onl}' one arc presented (figure i). Hypertension was established in 
this animal for $ months while a mixed kennel diet w'as given. When all animal pro- 
tein w.as withdnawn and carbohydrate substituted for the next 3 months, significant 
ch.angcs in blood pressure did not occur. The diet was so adjusted that the weight 
<litl not change. During subsequent months, tJjc animal received an all meat diet, 
again followed by withdrawal of meat, but this time allowing le.ss carbohydrate and 
more fat. Arterial pressure remained undiangcd as it did on resumption of the regular 
mixed diet. 

The results of the stud\' of a second dog are worth rcco.^ding because hx'pophy- 
seclomy had been pcn'ormeil 3 years and o%-ariectomy two years before the feeding 
cxjicrimcnt. A high protein diet v, -as given for 3 months without change in average 
blotvd pressure. This was followed by a low protein, high cirhohydratc diet. Dc- 
.•^pitca gain of Skg. of weight the blood pressure during tlie course of the next 3 months 


fell to flchnitcly lower levels. 


.An c.xp]orator>- hp,aratomy sbmvcd drrhosis of the 
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liver. The pathological anatomical findings on this animal have been described 
in detail by Graef , Negrin and Page (i i) as dog i. 

The liver showed focal atrophy, early periportal fibrosis and marked glycogen 
storage. Glycogen storage and hj^oeremia were the only changes seen in the kidneys. 
There were none of the evidences of ischemia. The adrenal glands were especially 
interesting in that the meduUa was relatively atrophied with apparent increase in the 
amount of cortical tissue. In most sections, Dr. Graef noted an adenomatous appear- 
ance. 

In another dog, hypertension was induced by silk 5 months before feeding for 
6 weeks a high protein diet of cooked meat. The blood pressure averaged 15 nuh. 
Hg higher while on the diet than the control level. The blood urea nitrogen 
6 days after starting the diet rose to 48.3 mg. and fell 7 days later to 24.8 and 
one month later to 1 7.1 mg/ 100 cc. 



2 4 e 8 10 12 14 IE IB 20 

MONTHS 

Fig. I. Effect of varying the carbohydrate and protein content of the diet on a h>4)erten- 
sive dog’s arterial pressure. 

Low Salt Diets 

Hypertension was well established in both dogs before the low salt diet was insti- 
tuted. Then, over a period of 7 months, nothing but “Lonalac” was fed. Both 
animals lost almost half their weight. Nevertheless, arterial pressure was unaffected 
by the severe reduction in salt intake or weight. The fall in pressure of one dog 
(57<f), in the last month before death may have been due to rapidly declining health 
of the animal. The cornea became steamy, the hemoglobin fell to one third norma 
and blood-urea nitrogen rose to 149 mg/ioo cc. on the last day of life. The results 
of the chemical examination of the urine testify to the fact that the diet was exces- 
sively low in salt. The urinary sodium ranged from 12 to 65 mg. in 24 hours, the 
variation being chiefly due to inability to collect exact 24-hour specimens. Repea e 
determinations of serum chloride and sodium showed no significant changes, 
the other dog (550), the diet did not affect arterial pressure. 

Electrophoretic Plasma Protein Patterns 

The total plasma protein concentration of the hypertensive dogs while on the 
salt-free diet was liigher than that observed in other hypertensive animals fed I uw 
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Dog Chow and horse meat. The average total protein of 26 hj'pertensive dogs 
on the regular diet was 6.66 ±0.17 gm./ioo ml. plasma, while thd two hypertensive 
animals after 2 months on the salt-free ration were 10.22 and 3,31 gm/ioo ml. 
An increase of 2.3 gm/ioo ml. in the total plasma protein of one normal dog was 
obscn.’’cd 4 months after the diet had been changed from the regular to the salt- 
free ration. 

Tlie plasma gamma-globulin concentration of hjTJertensive dogs fed either diet 
was much higher than normal, 1.42 ± 0.08 gm/ioo ml,, i.e,, 21,3 ± i.o percent of 
the total protein in the hypertensive dogs on the regular diet, 3.27 gm, and 1.66 gm., 
i.e., 32 and 20 per cent in the hj-perlensive dogs on the salt-free diet. The aver- 
age gamma-globulin of normal dogs (72 animals) fed the regular diet was 0.49 =b 



Fig. 2. Em;cT or a dR/\stic low sodium diet on a dog with renal hy-pertension. The anima 
died in uremia at the end of the experiment with great weight loss. 

0.02 gm/ 100 ml., i.e,, 9.1 ± 0.03 per cent of total protein. The gamma-globulin of 
the one normal dog on the salt-poor diet was 0.S7 gm/ 100 ml,, i.e., 11.4 per cent of 
the total protein. 


DISCUSSION’ 

The results of these cxyieriments indicate clearly that even e.xtreme changes in tlie 
protein and carbohydrate content of the diet fed for several months do not produce 
significant changes in blood pressure providing weight dianges arc not too great and, 
more importantly, that tlie dog maintains good health. What the effect would be 
if fed such ill-balanced diets over a lifetime rcm.ains unanswered. 

^Micthcr the occurrence of cirrhosis of the liver in ilie hypophj'secfomized dog 
tt-as concerned with the fall in arterial pressure is not po-ssible to determine from 
a%‘ailablc evidence. In such animah:, it would be of interest to measure tlie renin- 
substrate of the plasm.a. 

The most startling observations made during the course of the investirralion 
were riiat a large apical myocardbl infarction liad occurred In a j'oung hjpertenslve 
dog. This probably accounted for a fall in blood pressure which occurred while the 
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animal was taking a low protein diet. The administration of large amounts of salt 
not only did not raise the blood pressure of this animal, but also did not increase the 
animal’s weight presumably because loss of body tissue was occurring simulta- 
neously. The dog died suddenly without premonitory signs. Besides the myocar- 
dial infarction, adenomatous hyperplasia was found in the adrenal glands. 

The two dogs fed diets containing 25 mg. Na/day for a period of 8 to 9 months 
showed no significant change in arterial pressure, even though marked loss of weight 
occurred. It is reasonable to suppose that the reduction observed by other investi- 


Tabi.e I. Plasma protein pattern of hypertensive (no. 576 ) and normal (no. 1445 ) 

DOG WHEN FED A REGULAR OR SALT-FREE DIET 
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gators in a few animals was due to the normal variability of arterial pressure and to 
the brevity of the experiments. This however does not apply to the results of Dick 
and Schwartz (12) who found a fall to normal, or slightly above it, in 10 of ii dogs 


with hypertension produced by intravenous administration of streptococci. 


The 


reduction occurred within 2 months after administration of the Kempner rice diet. 
An average weight loss of 20 per cent also was noted. The diet provided 13 
of protein, 212 gm. of carbohydrate and 900 calories if all the diet were consume^, 
which in many cases it was not. Although not measured, the sodium content 0 
the diet must have been very low. This remarkable fall in arterial pressiue has no 
counterpart in the dietary treatment either of experimental renal or essential hyper 
tension. 
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The reason for the increase in total plasma protein concentration in the liypcr- 
tensive and normal dogs on the salt-free diet is not clear. It occurred in the normal 
dog’s plasma protein without significant shift in protein pattern and %vitIiout evi- 
dence of hemoconcentration as judged by hemoglobin level. A relatively larger 
amount of ‘complete’ protein may have been available in the salt-free tlian in the 
chow-horse meat diet. 

The relative concentrations of «i, and /S globulins and albumin in the plasma 
of hypertensive dogs on the salt-free diet were similar to those observed in hyperten- 
sive animals on the regular ration. Later in the study, when the animals lost appe- 
tite, and relatively rapid weight loss occurred, the plasma albumin of one dog {576) 
decreased from 1.73 to 1.19 gm/ioo ml,, 19.1 to 14.9 per cent of the total protein. 

The increase in 7 globulin occurs during the development of hypertension. As 
previously noted (13) it is probably not due directly to reaction to the sillc surround- 
ing the kidney, for such increase is not obser\'ed when the spleen is so wrapped. 
Tlie fall in albumin during the later part of the period that the dogs were on tlic salt- 
free ration was probablj’’ due to insufficient protein ingestion, and can be considered 
a direct effect of partial starvation. 


SU.\IMARy 

Four dogs with arterial hypertension of long standing induced 1 )}^ cellojjlianc 
or silk perinephritis were given diets for several months either high in jnolcin or low 
in protein and high in carbohydrate. Changes in arterial pressure which were con- 
sidered significant were not observed in any of these animals. Fall in the blood 
pressure in one hj^iophysectomized hypertensive dog may have been associated \rith 
development of cirrhosis of the liver. 

Fall of blood pressure in another hypertensive dog was associated with the occur- 
rence of an extensive apical myocardial infarction which presumably ajipcarcd while 
the animal was receiving a low protein, high carbohydrate diet. Administration 
of 10 gm. of salt daily for 30 days did not elevate tlie blood pressure in this animal. 
Two dogs fed a diet of dried whole milk with the sodium largely removed (‘Lonalac’) 
for 7 months did not show significant changes in arterial pressure despite marked 
loss of body weight. Subsequent administnition of 6 gm. of salt daily for 4 months 
did not appreciably affect arterial pressure. 

Total plasma proteins on the salt-poor diet rose in h3'pcrtensivc dogs due chiefly 
to incrc.ase in globulins. In the normal dog, all fractions increased. 

\Vc arc ir,o?t grateful to Mr. W'iiiiaTn tVc5-t, Risiph Edmonds and Robert P.^rkcr for tlicir skillful 
BS'-ist.'incc, and to Mr. ^^cGnrrity and Dr. Bills of .Mc-id-Johnson and Company for the 'Lon.alac' 
ujctl in thcjc. «j>enmcnts. 
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EFFECT OF HYALURONIDASE ON THE PASSAGE OF FLUID 
AND OF T-1824 THROUGH THE CAPHLARY WALL 


SAMUEL K. ELSTER, MONROE E. FREEMAN and ALBERT DORFMAN 
From the Department of Chemistry and Phyics, Army Medical Department Research 

and Graduate School 


WASHINGTON, D. C. 

T he demonstration of the action of hyaluronidasc as a spreading agent has 
been amply documented (i, 2). The effect of liyaluronidase on capillary 
permeability, however, has not been clearly defined. As a result of tlieir 
microscopic observations on the omental capillaries of the frog, Chambers and Zwei- 
fach (3) regarded liyaluronidase “as a factor in accentuating capillary fragility rather 
than in inducing direct changes in capillar}’- penneability.” Several investigators (4, 
5) have studied the effect of intradermally injected hyaluronidasc on the diffusion 
into the skin of dyes administered intravenously. The effects of the liyaluronidase 
on the changes in the permeability of the capillaries depended on the action exerted 
on the outer surface of the vessel wall. Meyer and Ragan (6) noted that there was an 
increase in capillaiy’ permeability caused by hyaluronidasc injected into the connec- 
tive tissue, whereas intravenous injection had no such effect. 

Duran-Reynals (4) studied the speed of passage of dyes from the blood into the 
tissues, when given with or vdthout testicular extract. He noted that testicular c.x- 
tract accelerated the loss of dye, with the greatest accumulation of the dye in tlic 
foot pads and in the cars. Aylward (5) repeated these axperiraents in mice and rab- 
bits, and obscr\’cd that the experimental animals developed the skin color more 
quickly, and that the final color was more intense. An attempt was made to obtain 
a quantitative test by measuring the changes in the blood volume of tlie dog by use 
of the dye T-1S24, However, no significant change was demonstrable with the 
amounts of testicular extract used. 

The puqiose of this investigation was to obser\’c the physiological alterations 
producctl by intravenouslj^ administered hyaluronidasc, and to determine whether 
or not significant reduction occurred in the plasma concentrations of the dye T-1S24, 
following the administration of hyaluronidasc. 


METHODS 


O.-jc hundred m.-sJe alWno rats of the She.'ra.'in strain were used, varjing m wdght from 165 to 
jrojrran-is, Tiicy were fed dtc st.md.ird lahuratorj' Purina chow and n-atcr ad 

SJyrlnrt'rdJase Pref-arothns. Fresh hut! testes, stripiwd of fat and capsule.-, were rrrou.od up, 
.An acetic add cstracilon and so-cral amrrtoniurn sulf.-t'e fraction-i lions were carried otiL The jjrod- 


uct W.-5 then diaUTc’i fr<-c of the su'pSiatc and prepared in .a ralinc-phosphatc haficr at .a / n r-f 5,3. 
It w.w ; '.oTx-n at — ro'C. ii v,a.s r.vfayed (7) .ond me.T.5UT!..:i 1500 turhidiraclric units /sTij:. r=: nitrorch. 


.A te.<tici!!,-'.r exir.ac! r'-as prq 


e'Tf-l If!'! 


tha! w:.; similar to the- pirccdirc. exeep: that folkjvv- 
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ing the ammonium sulphate fractionations it was further fractionated with acetone at — 2°C., dis- 
solved in saline at a of 7 and stored at — 2o°C. It measured 3700 units/mg. of nitrogen. 

, The animals were anesthetized with sodium pentobarbital, 3 to 4 mg/kg., intraperitoneally. 
Two-tenths ml. of a r per cent aqueous solution of T-1824 was injected into the jugular vein. In 
SO rats, 2500 units of hyaluronidase were injected through the same needle, and in 50 control animals 
an equal volume of 0.9 per cent saline was given. 

At 5, IS, 30, 45 and 60 minutes, and at 2, 4, 8, and 24 hours, groups of e-xperimental and control 
animals were bled and killed. Four to six ml. of blood were drawn from the abdominal aorta, using 
a heparinized syringe. Observations of the state of the organs were recorded. The blood was im- 
mediately centrifuged at 2500 r.p.m. for 30 minutes and the plasma separated from the cells. The 
concentration of the dye in the plasma was determined according to the method of Phillips (8). 


RESULTS 


Qualitative Observations 

■ Difusion of the dye into the tissues. Witliin 5 minutes following the injection 
of the hyaluronidase and dye in the experimental animals, the skin of the fore and 
hind legs, the nose, ears, mouth, tongue and wound over the jugular vein became 
discolored blue. This increased in intensity and reached a maximum in 30 to 45 
minutes. The color began to fade within 4 to 8 hours and by 24 hours there 
was no discernible difference between the experimental and control groups. The 
control animals started to show very slight blue discoloration within 15 minutes, in- 
volving the foot pads of the extremities, the wound over the jugular vein and oc- 
casionally the nose. 

Dye diffused into the abdominal waU, small and large intestine, walls of the renal 
pelvis, diaphragm, liver and, occasionally, the seminal vesicles, testes and retro- 
peritoneal lymph nodes. The difference between the experimental and controls 
was not striking, although the former showed earlier and greater discoloration of these 
tissues. In none of the controls, was there extravasation of dye into the ears, tongue 
or periorbital regions. In neither group was d3’^e found in the cerebrospinal fluid or 
in the urine. 

Edema. The occurrence of edema approximated in extent, distribution and time 
of appearance that of the dye discoloration of the tissues. It was most marked in the 
extremities and the face, the former frequently being increased to twice their norma 
diameter. The skin of the dorsum of the paws was elevated several millimeters 
above the underlying tendons and bone; the foot pads bulged and the face had a 
puffy and coarse appearance. There was no demonstrable enlargement of the vis- 
cera, however. Within 24 liours the edema had disappeared in all of the expen 
mental animals. In none of the control animals was any edema present. 

Effect on blood vessels. Within 15 minutes following injection of the teshc a 
extract, the arteries and veins had contracted to approximately one half of their nor 
mal diameter. The vessels involved were the aorta, iliac and renal arteries, and t e 
veins of the abdominal cavity to a lesser degree. This persisted for several hours 
and disappeared in 4 to 8 hours. The abdominal viscera and extremities were co 
than normal, and the animals occasionally were shivering. 

Quantitative Observations 

The mean plasma dye concentrations in experimental and control 


illustrated in figure i. Within 15 minutes, the blood level of the dye was sigm 



March xg.-^g 


HYALURONIDASE AND CAPILLARIES 


431 


reduced in those animals receiving hyaluronidasc, and tliis effect was most marked at 
30 minutes. Thereafter, the difference between the two groups diminished. In 8 
to 24 hours, there appeared to be no significant difference. 

When these data were corrected for body weight of the rats, the same differences 
between the two groups were obtained. Although with statistical methods the valid- 
ity of these results could be demonstrated, it was felt that insufficient numbers of 
animals were used to justify this type of analysis. 

Several control experiments were performed in which the testicular extract v/as 
heated at 7o°C for 30 minutes in order to inactivate tlic hyaluronidasc. An in vitro 


rtR CC 



Mg. 1 


assay confirmed the inacti\'3tion. When this preparation was given with the T-1824, 
the animals failed to become edematous and blue. To several animals, 6 rag. of 
ciystallinc bovdne plasma albumin wasgiven vdlh the dye, and these animals also failed 
to demonstrate the aforementioned changes. One rag. of histamine was given to 
another group. ,‘Mthough these rats c.xhibited some tissue discoloration and a small 
amount of edema, it vras small in comparison with that in the c.Tpcrimcntal group. 
In those instances that the plasma dye concentrations were determined, the results 
were similar to those foimd when saline and T-1S34 were given. 




I'hcsc results confirrs’.ed tr.osc of Duran-Reynals .and Aylward. The distribution 
of the dye in the ti.ssucs of the rat follo^-ing the administration of tcsticuhr c.ttract 
was similar to that winch they described in the pjinea pig, tnouse and rabbit. Dve 
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diffused into the foot pads and face and particularly the ears, characteristic sites that 
were not involved in control animals. However, there was not any significant in- 
crease in dye concentration in the liver and lungs, as described by those two inves- 
tigators. Experimental and control animals alike showed discoloration of these 
organs after 2 hours. The dye did not pass the cerebrospinal fluid barrier and did 
not appear. in the urine. 

The occurrence of edema has been very striking. Previous investigators have 
made no reference to this condition. The presence of edema, plus the diffusion of 
dye and the decreased plasma concentration of dye were evidence of an increased per- 
meability of the capillary tree. The mechanism of action of the hyaluronidase may 
be by alteration or dissolution of the ground substance of the capillary wall. How- 
ever, regeneration must occur rapidly, for the increased permeability was of short du- 
ration and appeared to be completely reversible. 

The effects produced by the testicular extract appeared to be specific. The ma- 
terials used in these studies were more purified than those used previously by other 
investigators. A few experiments carried out with hyaluronidase that contained 
20,000 turbidimetric units/mg. of nitrogen, confirmed the results found with the cruder 
extract. Heat inactivated hyaluronidase failed to produce an increase in capillary 
permeability. That this was not just a foreign protein effect was demonstrated 
by the inactivity of bovine plasma albumin. Histamine did not produce an equivalent 
increase in the capillar)'’ permeability as measured by our techniques. Swyer (9) 
suggested that histamine was the basis of the skin-diffusing activity of hyaluronidase, 
but this appeared to be of little importance in these experiments. 

STOtMARY 

Following the intravenous injection of 2500 units of hyaluronidase and T-1824 
into 50 male albino rats, edema and rapid diffusion of the dye into the extremities, the 
nose, ears, mouth and tongue occurred. There was contraction of the blood vessels and, 
at times, a shock-like syndrome. These changes were demonstrable within 5 minutes, 
were maximum in 30 to 45 minutes, and were completely gone within 24 hours. The 
plasma concentration of T-1824 significantly reduced by the administration of 
the hyaluronidase. Hyaluronidase, when purified to 20,000 turbidimetric units/mg. 
of nitrogen, had the same effect of increasing capillary permeability. Hyaluronidase, 
whejr inactivated at 7o°C. for 30 minutes, no longer was active. Bovine plasma albu- 
min and histamine failed to produce an equivalent increase in the capillary permeability. 
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T he osmotic limitations of renal functions in dehydration have been the sub- 
ject of studies by various authors from diilerent points of view. While 
Koranyi and other early workers studied extensively the maximum osmolar- 
ity of urine in health and different pathological conditions (x), Frcndi authors (2) 
were interested in the urine flow in dehydration. They coined the tehn 'urine 
obligatoire,’ a urine of high specific gravity and osmolarity, which is excreted even in 
severe deh3’’dration. 

Tlie fnclors conlrolling the concentration anti volume of urine in hydropenia were not clarificfl 
in these or later studies. While some authors .assumed the indc])cndcncc of c.tcretion of electrolytes 
and urea (s, 3), with possiiblc ma-xinium concentrations of cadi co-cxistant, oUicrs found an inverse 
relation between their maximum concentrations (4). Tliey suggested, therefore, that the total 
osmobrity rather than that of any indiridual solute determined the maximum concentration hnd 
volume of urine in dehydration. Gamble (5), in studies on man during water dcpriralion, came 
to tlie conclusion that 1400 miiliosmols per liter represented the maximum urinary concentration 
attainable. Given this fi,xed ma.ximum, a minimal urinar}* volume, i.c. that volume of the 'urine obli- 
gatoirc’ could be calculated from the solute load. McCance and co-workers (6) adduced additional 
evidence that total osmolarity rather than that of any comjioncnt determined the maximum urinary 
concentration, and added information that with increasing flow during o.smolic diuresis in liydro- 
ficnia jiroduccd by urea, sodium chloride or bicarbonate, and jiotassium chloride, the osmolarity of 
urine decreased. 

The studies reported were undertaken with a goal of defining in a broad manner, 
b}’ t])c use of loading solutes of various kinds, tlie limitations of renal function during 
conditions of water restriction. The present paper deals with the patterns of urine 
flow and concentration during osmotic diuresis, 

I.I.\TKRIAI.S AX'D METHODS 

The subjects were male patients S to 15 %'e.ar5 of age with normal renal function 
.and without major disease. One group of diabetic boys was included for the stud}-- 
of forced diuresis produced l)y glucose. The loading substances were administered 
in amounts of 500 to 2000 mii!iosn 5 ols,/i .75 nr bod\’ surface, by the oral or more 
often the intravenous route, in concentrated solution. The subjects %vcrc fasting 
and h.ad received no water for 16 iiours previous to the experiment and were excreting 

In-ctbt’ii mr Xovcmlwr 55, 

' N.'stl'.'rinl li;‘;hu!e< ef llc.'.'uh. r.'>!.:dv<crorr.ic IvtJ^r.wh Fetkiv,-, 
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urine at rates of 0.5 ral/min. or less before loading (except the diabetic subjects). 
Eleven loading substances were studied. They were: glucose, sucrose, mannitol, 
sorbitol, sorbose, xylose, urea, creatinine, sodium para-aminohippurate, sodium sul- 
fate and sodium chloride. In some experiments the entire course of diuresis, until 
the urine flow returned to preloading levels, was followed, in others chief emphasis 
was laid on observing the periods of maximum flow. Blood and urine were collected 
at appropriate intervals and were analyzed for the loading solute, as well as sodium, 
potassium, phosphorus, chloride, urea and, in some instances, sulfate. On urine the 
freezing point was also determined, and the ‘true’ total osmolarity calculated.- 
Sodium and potassium were determined by flame photometry; phosphorus, 
according to Fiske and Subbarow (7); chloride, by the method of Van Slyke (8); 
urea, according to Van Slyke and Kugel (9), except in the creatinine loading experi- 
ments when the urease method of Van Slyke (10) was used; sulfate, according to 
Power and Wakefield (ii), except for a final colorimetric measurement according to 
Klein (12), but under the conditions as described by Smith el al. (13) ; glucose, by the 
method of Nelson (14); sucrose and sorbose, by a modified method of Roe (15); 
mannitol and sorbitol, according to a modification of the procedure of Corcoran and 
Page (16) ; xylose, by a modification (17) of the method of Mejbaum (18) ; creatinine, 
by the Jaffe reaction, using a cadmium sulfate-sodium hydroxide precipitation (19) ; 
and para-aminohippurate, according to Smith et al. (13). 

The administration of the loading substances was attended most commonly by 
complaints of thirst and headache of varying degree, which subsided promptly follow- 
ing the drinking of small amounts of water. Urea seemed to have a sedative effect, 
and sodium sulfate produced nausea, vomiting and urge to defecate. 

* In calculating the osmolarity of urine the dififerent freezing point behavior of electrolytes and 
non-electrolytes has to be considered. Whereas the molal freezing point depression of solutions of 
non-electrolytes remains constant at a value of 1,86° over a wide range of concentrations, the freezing 
point depression of electrolytes, identical with that of non-electrolytes at infinite dilution, falls 
progressively with increasing concentration. The observed deviation from theory increases with 
increasing valency of the ions concerned. Neglect of these considerations and use of a constant factor 
of 1.86° leads to an under-estimation of the osmolarity of the urine which is particularly great in 
sulfate loading experiments. In this report the true total osmolarity of urine was calculated from 
the freezing point depression and the concentrations of sulfate, urea, and the non-electrolyte loading 
solute, if present. The basic assumption was made that the divalent ions, the non-electrolytes and 
the univalent ions accounted for the total osmolarity of urine. It was further assumed that all 
solutes were univalent ions except for those determined as either divalent ions or non-electrolytes. 
Only the sulfate was considered among the divalent ions and only the urea and the loading solute, if 
present, among the non-electrolytes. In principle then the concentration of the univalent ions could 
be determined from the freezing point depression after first subtracting the contributions of sulfate 
and the non-electrolytes. For specimens on which sulfate was not determined, a sulfate value was 
assumed according to the minute volume as follows: min. vol/1.73 m* o-i cc., sulfate 23 m.Osm/ 1 .; 
1-2 cc., 10 m.Osm/ 1 ; 2-3 cc., 6 m.Osm/ 1 ; 3 cc., 3 m.Osm/ 1 . The determination of the freeing point 
contributions was made possible by the close similarity of the molal freezing point depressions of the 
non-electrolytes, the various salts of univalent ions, and of the various sulfates v-ith univalent cations, 
among themselves. 

Therefore, one could use Uie value of 1.86 for all non-electrolytes and tlie appropriate molal 
freezing point depressions of NaCl and NaSOi (21) for the electrolytes. It was important of course 
to use in all calculations the concentrations of the solutes as extant in the aliquot of urine on which the 
freezing point was determined. 
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RESULTS 

Thirteen subjects were studied in 15 experiments over 127 collection periods. 
Three illustrative experiments are presented in table i. It includes data on the 
corrected minute volume of irrine, the ‘true’ total osmolarity calculated as described 
in the experimental part, the sum of the solutes determined b}^' analysis, the contri- 


Table I. Urine soeutes and flow during osmotic diuresis 


rnmoD 

coNcmtKr.vT tiue 

xiin. 

VOI./ 1.73 

si'- 

load 

TRUE to- 
tal OS- 
MOLAKITY 

SOLUTES 
DETCRM. 
BV ANAL. 

SOLUTES 

DETERM. 

LOADING 

SOLUTi: 

I 

LOADING 

SOLUTE 

II 

LOADING 

SOLUTE 


min 

cc. 

m.Osm/min. 

m.Osmll. 

K.Osm/l. 

% of total 



% of total 

L.D., Diah.; 13 yr.; jS.p kg 

; S.A. 1. 31 m-; Loading Substance — Glucose {oral and I.V.) 

P-i 

—91 to —61 

1.02 

1. 190 

1167 

nil 

95 

1 

[ 



P-2 

— 61 to —38 

0.86 

0.9S8 

1149 

1129 

98 

1 




— 24 to 4 Glucose, oral, 366 m.Osmji.73 in-, LV., 

236 in.Osni/1.73 in" 


I 

5 to -38 

9.04 

5-587 

618 

S68 

92 

’ 348 


56 

2 

26 to 46 

7-79 

5-134 

659 

605 

92 

354 


54 


52 to 56 Glucose, I. V 

476 in.Osin/1.73 m- 






3 

SS to 79 

18. s 

9.768 

528 

505 

96 

314 


59 

4 

79 to 100 

12. S 

7-438 

595 

534 

90 

32s 


55 


L.R. 14 yr.; 3S.0 kg.; 1.30 in-; Loading Substance — NazSOi ( 7 . T'',) 


P-i 

1 

00 

0 

00 

0.41 

0-556 

1356 

1094 

Si 




p-i 

—48 to — iS 

0.36 

0.450 

1251 

903 

72 

iNal 

ISO4! 



0 to 6 Na^Oi, 758 

in.Osmj 1.73 

in- 






X-i 

— iS to 19 

9-50 

5-596 

5S9 

634 

93 

28S 

13S 

.,0 

72 

1 

19 to 47 

8.94 

6.079 

680 

C64 

98 

355 

196 

81 


47 to 66 

S- 3 I 

4.136 

779 

729 

94 

393 

176 

73 


71 to 78 NoiSOt, 506 

m.Osin/1.73 in- 






3 

Si to 107 

10.6 

7.028 

663 

656 

99 

368 

195 

85 

4 

107 to 127 

7*45 

5 -751 

772 

711 

92 

395 

187 

75 

G.P. 13 r/a yr.; 42.3 kg.; S.A. 1.34 m-; Jjoading Substance — Crcathntic {oral and f.V.) 

P-I 

— loi to —66 

0.66 

0.679 

1029 

S40 

82 





— 51 to —52 Creatinine, Oral, 160 in.Osm/T.73 in- 





I 

— 66 to —36 

0.S3 

0.827 

996 

S25 

83 

5 

j 

I 


—36 to — 6 

r -39 

I- 35 I 

972 

748 

77 

64 

1 

1 

7 


0 to 4 Creatinine, I.V., 144 in.Ostn/1.73 in- 



i 

t 


5 

i s to 25 

6.97 

4.607 

661 

589 

89 

261 

! 

40 

4 

1 25 to 46 

3*51 

2.664 

754 

676 

90 

276 

1 

37 


j 48 to 56 Creatinine 

7 . 1 '., 21S 1n.Os1nj1.73 in- 



! 


5 

[ 5S to 79 

7-96 

5-063 

636 

5tS 

Si 

273 

1 

1 

43 

6 

1 79 to 100 

4.97 

3 - 5 -t 4 

773 

606 

1 

85 

316 

\ 

44 


bution of the loading solute, and the solute load, i.e., the product of volume and 
concentration. The data on the individual solutes other than the loading solute and 
on the plasma levels of all solutes will be presented in the paper dealing with the 
renal osmotic work. It may be seen from an inspection of the table that the deter- 
mined solutes as a rule accounted for S5 per cent dr 10 per cent of the total osmolarity 
in the prcloading specimens and for as much as 95 per cent during diuresis. The 
loading solute (or solutes in the case of salts) usually made up 60 dr 10 per cent of 
the total solutes. 
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In figure i is presented for in periods a plot of the values of total osmolarity 
versus urinary flow. It is evident that with increasing flows there was a definite 
tendency to decreased urinary concentrations, with the rate of fall decreasing with 
increasing flows. These data over an extended range of flows confirm the observ^a- 
tions of McCance et al. (6). The plot of the urine concentration versus urinary load 
is closely similar in form to that of the concentration versus flow and is therefore 
omitted from the presentation. 

In figure 2, values for urinary flow are plotted against those of load. It may be 
seen that the data group themselves in a regular manner, regardless of the predomi- 
nant solute in the urine over the whole range of flows observ’^ed, from 0.5 to 24 ml/ 
min/1.73 m^. 
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Fig. 1. Urine osmolarity versus flow. Data on iii periods. 


The dependence of urinary flow and osmolarity on load led to a consideration 
of the form of this relation. The assumption that with increasing loads the urinary 
concentration would tend to approach the plasma concentration in an asymptotic 
manner and that the decrease in concentration with respect to load is proportional 
to the concentration may be expressed in differential form as 


(i) 


d cone, 
d load 


= li (cone. — B) 


where ^ is a proportionality constant and B is the total plasma osmolarity which in 
the following discussion is assumed to be 0.33 osmols per liter.® Integration leads to 
the expression 

(2) — ln(conc. —B) = h load -{- A 


® In these experiments 0.33 was the approximate mean value of the calculated osmolarity of 
plasma during osmotic diuresis, with the extremes falling within ±0.035 m.Osm/1. For the present 
basic derivations, variations of the plasma osmolarity within these limits are of no importance. 
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where A is tlie integration constant and the other symbols have the same meaning 
as before. In exponential form and rearranged the equation is 

(3) cone. = A' e~ * + B 

Values for the constants A and k may be derived readily from equation 2 , which is 
that of a straight line, with A, that is In of as the intercept and k as the slope. 
The validity of the basic assumption may be tested by the rectilinearity of the plot 
of In (cone. —B) versus load. 



Fig. 2 . Urike rtow V’ersus ro.m. The line represents the values aikulated from equation 5. 

In figure 3 is presented the plot of the logarithms of the values for urinary'- con- 
centration —0.33 against load. Also drawn is the straight line fitting the data, 
calculated by the least squares method. The equation of the line is — log (cone. 
“0-33) = 0.091 load —0.072. It may be seen that most data group themselves in 
a satisfactory manner around the straight line. Transformed to the exponential 
form with the base c the equation for urinary concentration may be written 

{4) cone. = 0.S47 c" "f* 0.33 

where urinarv* concentration is expressed in osmols per liter. 

From the identity of load = flow X concentration, an equation for flow in terras 
of load may be obtained. 
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The line in figure 2, containing the plot of flow versus load, was drawn on the basis of 
this equation. It is evident that it fits the data in a very satisfactory manner. 

In figure 4 the flow/load values, which have the dimensions of the reciprocal of 
concentration, i.e. dilution, are plotted against load. The data are graphed on a 



Fig. 3. Plot of log (urine osmolarity —0.33) versus load. The line drawn through the 
points was calculated by the method of least squares. 



Fig. 4. Urine dilution (flow/load) versus load. The ordinate, of the dimensions of a 
reciprocal of concentration, is plotted on a hyperbolic scale. The line was calculated from equation 6. 

hyperbolic coordinate system for purposes of equal spacing. This graph makes most 
evident the asymptotic approach of dilution to the value of plasma with increasing 
load. The curve in the graph is based on the equation 

3 

2.S4e~°‘®* -j- 1 


(6) dilution = 
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which is the reciprocal of equation 4, with both numerator and denominator multi- 
plied by 3. The equation is that of a logistic cur\'e, wdth a lower as}miptote of o and 
an upper asymptote of 3, i.e. the plasma dilution, 

DISCUSSION 


The dependence of urine flow on load, demonstrated clearly by figure 2, has 
interesting implications. A consideration of the variety of loading solutes employed 
indicates that the pattern of urine flow is largely independent of the ionic or chemical 
properties of the solutes. It is also independent of the mechanism of excretion, 
whether it be primarily by glomerular filtration (mannitol, sucrose, xylose, sulfate), 
filtration combined with tubular secretion (para-aminohippurate) or filtration com- 
bined with tubular reabsorption (urea, sodium chloride, glucose). A iiecessarj’- con- 
clusion is also that it is not the quantity of solutes in the glomerular filtrate, but only 
the amount finding its way into the urine that determines urinary flow. Conse- 
quently the urinary flow is not directly dependent on the level of the clearance or the 
plasma level of any solute. The plasma level and the extent of tubular secretion or 
absorption affect urinarj' flow only insofar as they determine the solute load. 

The uniformity of the pattern clearly suggests the existence of a common de- 
nominator which is dependent on urinary load. Such a denominator is apparent 
when the process of diuresis is considered from the standpoint of water reabsorption. 
Then it is understandable that only the number and not the character of solutes 
determines the extent of water reabsorption, and thus the osmolarity of urine. Avail- 
able knowledge on solute and water reabsoiption in the tubules has led to the theor)' 
of two spatially separate phases of water reabsorption (21). With this in mind, the 
present data lead to the following interpretation: In the proximal portion of the 
tubule, active reabsorption of solutes, cliiefly electrolytes, takes place in a nearly 
isotonic solution, with water passively accompanying the solutes, until only the 
solutes destined for excretion, the solute load, remain. From that point on a second 
phase of water rcabsorption against a rising osmotic gradient, to produce a- hyper- 
tonic urine, commences. For this second process two limiting conditions may be 
fixed from the onset: i) that the solute concentration during osmotic diuresis cannot 
fall below the plasma level; and 2) that with decreasing loads and increasing time of 
passage through the distal tubule the concentration rises to some definite maximum 
value, which is the maximum osmotic potential attainable between plasma and urine. 
The derivations given in the preceding section are based on these two considerations. 
The preceding assumptions and the mathematical derivations may be expressed 
equally well in terms of v/ater reabsorption. The amount of v.-ater reabsorbed v/ould 
then depend in an inverse manner on load, decreasing from a maximum value of 99.5 
to 99,7 per cent to zero. According to this theoiy no definite percentage of water 
rcabsorption can be assigned to the proximal portion of the tubules. The amount of 
water reabsorbed would depend in both pro.ximal and distal tubular portions, even 
though in differing manner, on the solute load. Mathematically e.xpressed: 


T,T.tcr reabsorbed =* i?-- -f- 



-f- B 


) 


(7) 
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where Rpr and are the amounts of water reabsorbed in the proximal and distal 
portions of the tubules respectively, B is the total osmolarity of the plasma and GFR 
is the volmne of the glomerular filtrate. The first two terms of the equation define 
the water reabsorption in the proximal tubule and the last two that in the distal 
tubule. One consequence of these derivations is the absence of a minimum of water 
reabsorption. Data on osmotic diuresis in animals (22), where urine flows as high 
as 60 per cent of the glomerular filtration rate were measured, would lend support to 
this conclusion. 

Although a detailed discussion of renal osmotic work will be deferred to a later 
publication, a few comments are here in order. In both proximal and distal tubules 
renal osmotic work is performed. In the proximal tubule, although the total osmo- 
larity is assumed to remain constant at the plasma level, changes in concentration of 
the individual solutes from that existing in the glomerular filtrate take place. In 
the distal portion of the tubules, the percentage composition of solutes remains con- 
stant, since no further absorption of solutes is assumed to occur, but reabsorption of 
water against a rising osmotic gradient proceeds. 

Obviously the question arises as to the bearing of these experiments on the r 61 e 
of the antidiuretic hormone in osmotic dimresis. The constancy of the pattern may 
be interpreted as indicative of the constancy of the response elicited, which then 
would enter as one of many other specific factors into the proportionality constant 
relating load to the diuretic response. In the absence of the hormone, then, the 
relationship of flow to load should be expressible by an equation similar to that here 
derived, but differing in the magnitude of the proportionality constant. 

The constant relationship between urinary flow and load by no means implies a 
proportional diuretic response to the administration of equal amounts of different 
solutes. Here the factors of metabolic removal, of distribution volume, and of the 
manner of renal excretion, as they affect the urinary load have to be considered. 
For a substance excreted at the level of glomerular filtration, the relation that P X 
GFR = load implies a direct proportionality of load to the plasma level. If the 
clearance is a definite fraction of the filtration rate a similar constant relationship will 
obtain. Any reabsorption or secretion process, if operative will affect the solute load 
in a specific manner. The volmne of distribution enters into the considerations as it 
affects the plasma level. The greater the volume the lower the plasma level, and 
consequently the load, for a given amount of solute administered. Finally, metabolic 
disappearance if occurring will negatively affect the renal load. On the basis of these 
considerations a scale of diuretic efficiency of the various solutes may be established. 
The most effective diuretic solute would distribute itself in the smallest volume, 
would not be metabolized and would be excreted at the level of glomerular filtration, 
perhaps even boosted by tubular secretion. In this study, the most effective sub- 
stances were mannitol and sucrose. Sodium sulfate ranked next insofar as the sul- 
fate ion was concerned. On the opposite end of the scale were foimd urea and sodium 
chloride, mea both because of its large volume of distribution and a moderate tubular 
reabsorption and sodium chloride primarily because of its extensive tubular reabsorp- 
tion. 
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drated man was studied. Eleven loading solutes, glucose, sucrose, \|ng^i tol, sorbj tolr 
sorbose, xylose, urea, creatinine, sodium para-aminohippurate, Sooi^nl^'^^ffgte, an(f‘ 
sodium chloride, were employed. A definite relationship between 
concentration and load was found independent of the ionic or chemical character of 
the solutes, or of the mode of their renal excretion. The assumption that the rate of 
decrease of the urinary concentration is proportional to the concentration and tliat 
the urinary concentration caimot fall below that of plasma, leads to an exponential 
equation: Concentration = A'g~’- + B, where 4 ^ is a constant defining the urinarj’- 

concentration at zero load, B is the total osmolarity of plasma, and ^ is a propor- 
tionality factor. A related expression may be derived for urinary flow. 

On the basis of these data and on the assumption of an isotonic absorption of 
solutes and water in the proximal tubule the following equation for water reab- 
sorption in the nephron is proposed: Total water reabsorbed = Rpr + Rd — 

^GFR - where Rpr and R^ are the amounts 

of water reabsorbed in the proximal and distal portions of the tubules respectively, 
B is the total osmolarity of the plasma and GFR is the glomerular filtration rate. 
The first two terms of the equation define the water reabsorption in the proximal 
tubule and the last two urine flow. 

The diuretic effect of a loading solute may be assessed on the basis of its volume 
of distribution, the manner of its renal excretion, and its metabolic fate, factors 
affecting the solute load. 
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IMPROVEMENTS ON THE ARTIFICIAL KJDI^EY: /\N EXPER- 
IMENTAL STUDY OF ITS APPLICATION TO DOGS BILAT- 
ERALLY nephrectOmized or otherwise DEPRD^ED 
OF RENAL FUNCTION! 

JOHN VANAITA, E. E. MUIRHEAD axd ARTHUR GROLLMAN 

Fmn the Department of Physiology and Pharmacology, Experimental Medicine, and Pathology, 

The Southwestern Medical College 

DALLAS, TEXAS 

T he utilization of a semi-permeable membrane as an ‘artificial kidney’ has 
been attempted repeatedly by investigators, since it was first realized that 
the removal of waste products bj’’ the kidney was in large part a process of 
ultrafiltration through the glomerulus. The successful operation of such an artificial 
kidney would permit not only experimental studies on the bilaterally nephrcctomized 
animal or one otherwise rendered devoid of renal function but might also have clinical 
application to the human patient whose renal e-xcretory function is temporarily in 
abeyance. The earliest attempts at utilizing an artificial kidney, such as those of 
Abel and his collaborators (i), were futile because of the difficulty of preparing an 
adequate dialyzing membrane and the unavailability of a non-toxic anticoagulant. 
^Yith the availability commercially of artificial membranes readily permeable to urea 
and other diffusible substances and of heparin as a non-toxic and naturally occurring 
anticoagulant, the concept of utilizing an artificial kidney has again come to the fore. 
The recent reports of Kolff (2, 3), Murray et al. (4, 5), and /Mwall cl al. (6-8) in 
particular have attracted considerable attention. 

Although several reports liavc appeared in tlic scientific and lay press concerning the value 
of an artificial kidney, an analj’sis of the available literature leaves doubt as to wliethcr or not the 
life of the animals or patients has actually been prolonged bj' tJie application of this procedure. 
Insofar as the use of the artificial kidney on the human patient is concerned, it is difiicult to Judge 
from llic available data as to the value of the procedure since recovery follows tlie use of more con- 
servative measures in the majority of cases (9). It is essential, tliereforc, to rely ujwn animal 
e.vpcrimcnls to demonstrate the effectiveness and value of the procedure. 

Ivolft (3), Larn and Ponka (10), and MacLean cl at. (i r) have applied the procedure to patients 
vvitliout any preliminary trial on animals. Murray ct al. (4, 5) implanted tlic ureter into the small 
bowel in a dog but present no data on tlie survival of this animal. Alwall (7) kept a rabbit witli 
ureters ligated alive for only 5 1 days and another with acute mercurial poisoning for 6 days. Skeggs 
and Leonards (ir) were also unable to keep dogs alive for a significantly longer period than their 
controls by the use of their artificial kidney. There is thus no available proof as to the cfiicacy of 
un artiticsal kidney in prolonging the life of cither laboratory animals or patients and its application 
cnmcally has been premature. Wc, therefore, xtndertook a study to determine the .courev? of difn- 
cuity in the available procedures and how these might be overcome. 

Peed ved for publication November 15, 194S. 

^ 1 his work v.as supported by a grant from tlic Life Insur.ince IModical Research Pun'i. 
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MATERIALS AND SDSTHODS 

The present paper is based on a study of no dogs deprived of renal excretory 
function by i) bilateral nephrectomy, 2) unilateral ligature and division of one 
ureter with removal of the contralateral kidney, 5) bilateral ligation and dinsion of 
both ureters, implantation of one ureter into the' small bowel with removal of the 
contralateral kidney or 5) implantation of one ureter into the vena cava with removal 
of the contralateral kidney. Following these operations, they were maintained on an 
electrolyte-free diet of casein-, glucose and lard. Animals maintained on such a diet 
remain in good health and do not show the rapidly downhill course usually observed 
and attributed erroneously to the effects of uremia. They survive untreated usually 
for periods of 5 to 7 days. 

Four to 6 days following the above-mentioned operations, cannulae were inserted 
into the femoral artery and vein under procaine local anesthesia with aseptic surgical 
technique and the animal was connected to the artificialkidney. This was a replica 
of that described by Kolff (2) except for the drum which was made of perforated stain- 
less steel instead of wooden laths as in Kolff’s apparatus. 

Plasma sodiums were determined by a modification of the Butler-Tu thill (13) method; plasma 
chlorides, by the colorimetric method of Stiff (14); plasma carbon-dioxide combining power, by tlie 
direct method of Van Sb'kc and Cullen (15); plasma potassium, by the photoelectric method of 
Looney and Dyer (16); serum calcium, by the Clark-CoUip (17) modification of the Kramer-Tisdall 
method; serum magnesium by Hawk, Oser and Summerson’s (iS) modification of Denis’ method; 
plasma specific gravities, by the technique of Phillips, Van Slyke ct al. as described by Hawk, Oser 
and Summerson (iS); plasma urea, by Summerson’s modification (iS) of the Van Siykc-Cullen 
procedure; plasma non-protein nitrogen and creatinine, by the colorimetric methods of Folin and Wu 
(19); inorganic phosphates by the colorimetric method of Fiske and SubbaRow (20); inorganic 
sulfates, by the colorimetric method of Letonoff and Reinhold (21); and free and combined phenols, 
by the method of Theis and Benedict (22). The colorimetric methods used were adapted for a Cole- 
man Universal Spectrophotometer or Leitz colorimeter. 

EXPERIMENTAL 

Our first attempts to apply the artificial kidney met invariably with failure. 
Not only was it impossible to prolong the life of the bilaterally nephrectomized ani- 
mal, but its application actually led to their earlier demise as compared to untreated 
control animals (9). Even normal animals subjected to the apparatus for 2 to 3 
hours succumbed within a few days. 

The failure of the technique as suggested by Kolff (2) was due, we found, to a 
number of fundamental defects. The following, in particular, were serious deterrents 
to its successful application; i) the composition of the bath not only failed to main- 
tain adequately the normalit}’- of the chemical composition of the blood, but in addi- 
tion caused a marked degree of hemolysis; 2) the membrane reacted with the blood to 
cause hemolysis and other toxic effects, despite thorough preUminary washings with 
•water; 3) the pump on the original apparatus of Kolff caused a severe degree of 
hemolysis; 4) the dosage of heparin had to be adjusted accurately to avoid undue 
effects and prevent coagulation, and antiheparin substances were needed to prevent 
hemorrhage from the wound after the procedure; and 5) variations in the blood con- 


BiUs. 


- The casein was supplied by Mead-Johnson Company through the courtesy of Dr. Charles E. 
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tent of the apparatus resulted in depletion or overload of the vascular system of the 
experimental animal with subsequent death. 

Composition of Dialyzing Fluid 

The composition of the dialyzing fluid used in removing the waste products from 
the body is of greatest importance since it determines the final composition of the 
blood and body fluids with which it enters into equilibrium. Previous authors have 
suggested fluids of various composition, none of which, however, have been found by 
us to give optimal results. Our aim has been to use a solution of such composition as 


Table i. Composition* of lualyzing bath used in* artificial kidney 


SOLUTE 

CONTENT 


Ca«- 

5Ig^ 

Cl- 

COi— 

ncor 

NaCl 

rm./l. 

5-77 

0.20 

0.05 

0.58 

2.50 

2.00 

98.7 

II .0 

29.8 

P 

3-6 

lEq . per tile 

1. 1 

r 

98.7 

3 -<» 

1. 1 

II. 0 
29.8 

CaCl- 

MgCh 

NaicOs 

NallCOj 

Glucose ; 

Total 


139-5 

3-6 

I. I 

103.4 

40,8 


Table 2. Typical effects of a 3-iiouR period of dialysis into the artificial kidn'ey on 
the sodium, chloride, and carbon dioxide COiIBIN*ING power of blood plasma of 
dogs deprived of renal excretory function 


soDimi 1 

] 

aiLOJUDE j 

CARBON DIO.VUJE COUBLVINC TOV.TR 

Before 

After 

Before 

After 

Before 

After 


tnEq. per liter 


157 

150 

III 

98 

22 

1 32 

165 

152 

96 

95 1 

28 

1 50 

153 

14S 

no 

104 

23 

1 33 

140 

ISO 

no 

M 

0 

16 

27 


would convert the plasma to as near normal a state as possible. The composition of 
the blood plasma prior and subsequent to the dialj-sis was used to arrive empirically at 
a composition which gave optimal results. The composition of this solution, the 
total volume of which was 120 liters, is given in table i. It differs in several notable 
respects from the solutions recommended by pre\*ious workers for use with either the 
artificial kidney (2, 5, 6) or for peritoneal lavage (25-25). In table 2 are reproduced 
values for the sodium, chloride and carbon-dioxide combining power of the blood 
plasma before and after dialysis. It will be noted that the procedure was effective 
in correcting the decreased carbon-dioxide combining power that is associated with 
uremia and adjusting abnormalities in the sodium and chloride contents of the 
plasma. 
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In order to adjust promptly the pn of the bath, both sodium carbonate and 
sodium bicarbonate were used, and their proper ratio was maintained by bubbling a 
mixture of carbon dioxide and oxj^gen through the bath. 

Data for potassium serum levels are given in table 3. Although potassium 
could be kept at the desired normal level by adding it to the bath, it was found 
empirically that its addition was unnecessary. The tissue breakdown, plus the 
hemolysis produced by the procedure, was suflheient to rectify the potassium level of 
the blood plasma following its depletion by the diatysis. Thus the blood plasma 
potassium of dog 1 of table 3 at the end of a previous dialysis was o.i mEq/liter but 
had risen to 2.7 w'hen the animal was subjected to a subsequent dialysis. 


Table 3. I’oTAssimi content of arterial blood plasma of 2 dogs before and after 

APPLICATION OF THE ARTIFICIAL KIDNEY FOR A PERIOD OF 3 HOURS* 


Dog No. I 3 

mEq. per liter 

Before dialysis 2.7 4.2 

After dialysis o.i 3.8 


* In dog 1, one ureter had been implanted into the small bowel and the contralateral kidney 
removed 21 days prior to the dialysis; in dog 2, bilateral nephrectomy had been performed 5 days 
previously. The dialyzing bath in the experiment on dog i contained no potassium; it contained 
3.0 mEq./l. in the experiment on dog 2. 


Table 4. Calcium and magnesium content of arterial blood serum of a dog MjUntained 

FOR 30 DAYS FOLLOWING IMPLANTATION OF THE RIGHT URETER INTO THE SMALL INTESTINE 
AND REMOVAL OF THE CONTRALATERAL KIDNEY 


DAVS rOLLOWING 
^'E^^1lECTOUY 

i 

1 CAtcniu 

MACKESIUU 

Before dialysis 

After dialysis 

Before dialysis 

After dialysis 



mEq. per liter 


9 

5-0 


1-3 


13 


5-1 

1.4 

1.4 

17 : 

3-8 

3.8 

1.4 

I-3 

2S 

3-9 

5-1 

1-3 

1.6 

30 

5-1 1 


2.2 

i 


Kolfi (2) did not add calcium to the dialyzing fluid but its omission results in the 
development of cardiac arrhythmias which are relieved by the administration of 
calcium chloride intravenously. When calcium and magnesium chlorides are added 
to the bath after the addition of the other salts and adjustment of the to 7.4, as 
described below, no precipitation results. Typical serum calcium and magnesium 
values are given in table 4. 

The marked hemolysis observed following the use of Kolff’s procedure was found 
to be due in part to the alkalinity of his dialyzing solution. When this was reduced 
by bubbling carbon-dioxide through the bath, hemolysis was prevented but depletion 
of the red cell of its oxygen resulted in a shift of large amounts of chloride into the cell. 
A mixture of oxygen and carbon dioxide was, therefore, bubbled through the bath, the 
pK of Avhich was maintained at 7.39 ± o.oi by adjusting the ratio of the two gases by 
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means of flow meters. Tlie pn was determined continuously by a Beckman pa meter 
with an extension electrode in the bath. Efficient bubbling of the mixture of oxygen 
and carbon dioxide was produced by passing the gases (7-12 liters of ox:>'gen, and 1.2 
to 2.6 liters of carbon dioxide per minute) through a submerged, weighted cloth tube 
75 cm. long and 2 cm. in diameter. To maintain a constant pa on the e.xposed as 
well as on the submerged part of the drum, a hood of transparent plastic 'cloth’ was 
placed over the apparatus. The temperature of the bath was maintained at 37.5° 
± 0.5° C. 


Dialyzing Membrane 

,'\ppro.ximately 38 meters of Visking ‘No Jax’ sausage casing 1.8 cm. in diameter 
was used as the dialyzing membrane. Such membranes cause marked hemolysis 
even at room temperature and after washing with water for as long as 96 hours. 
When used for dialysis of the blood of the e.xperimcntal animal, such membranes 
induce reactions w’ith vomiting, shivering without an elevation in rectal temperature, 
a fall of blood pressure etc. Similar effects were obtained when other membranes 
were tested. In attempting to modify its hemolytic and toxic actions, the mem- 
brane was treated with various oxidizing and reducing agents, acids and alkalies, 
surface acting materials, and organic solvents. In general, it was found that treat- 
ment with oxidizing agents and alkaline solutions increased the hemolytic effect, 
while reducing agents, organic acids and polar solvents decreased it. This hemolytic 
action of the commonly available dialyzing membranes is apparently due to the fact 
that they are not inert but possess chemically active groups which react with the 
blood. 

The final procedure adopted for treating the membrane in order to reduce 
hemolysis and to,xicity to a negligible minimum was as follows. The membrane was 
first washed with tap water for i to 2 hours in order to remove glycerine and other 
water-soluble contaminants. It was then placed in 4 liters of 10 per cent formaldc- 
liyde for at least X2 hours and again washed with tap water for 10 to 12 hours. The 
formaldehyde, being an active reducing agent, removes oxidizing groups from the 
membrane which are largel}' responsible for the hemolytic action of cellophane. The 
formaldehyde and its reaction products were then removed by pladng the membrane 
in 3 liters of chemically pure dio.xane (freshly prepared by distillation from metallic 
sodium) for 12 to 18 hours. After washing with tap water for 8 to 10 hours to remove 
the dioxanc, the entire process of treatment with formaldehyde and dio.xane was 
repealed using fresh reagents. 

The membrane treated as just described was washed immediately before using 
for 30 to 45 minutes with at least 60 liters of fresh, triple distilled water and tested 
for leaks by nlling with water under pressure. The membrane was finally rinsed with 
5CX) cc. of sterile pyrogen-free isotonic saline. This, as well as the previous washings, 
was carried out with the membrane on the rotating drum of the apparatus with 
water running tlirough the lumen as well as dripping over its surface. 

Leaks in the membrane were avoided by care in handling the dr^’, collapsed 
lijbing. To aid in tlie detection of such leaks developing during the dialysis, a white 
gauze cloth nx*.s suspended from a metal bar extending across the length of the drum. 
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The Pump 

Since the force exerted by ‘Archimedes screw’ wiE not deliver the blood against 
a column higher than 17.5 cm. below the axle of the drum, Kolff (2) used a mechanical 
pump to raise the blood above the level of the patient and allowed it to return to the 
vein by the force of gravity. We found that tlie blood circulating through the pump 
for 5 minutes underwent marked hemolysis. We, therefore, eliminated the pump by 
placing the animal well below the axle of the drum. The arterial pressure suflSced to 
raise the blood to the macliine, and the ‘Arcliimedes screw’ then propelled the blood 
into a reservoir placed below the axle of the drum, from which it returned to the 
vein of the animal by the force of gravity. 

Anlicoagulanls and Coagulants 

The optimum initial heparin dosage was found to be 3.3 mg/kg. of body weight. 
Ten milligrams of this dose was used to prevent coagulation of the donorblood used 
to fill the membrane. The remainder was given intravenously before starting the 
dialysis. A maintenance dose of 0.33 mg/kg. of body weight was administered every 
30 minutes except for the final half hour before the end of the dialysis. Although this 
dosage was at first determined empirically, subsequent studies by heparin titration 
demonstrated that it was satisfactory. For more exact dosage, titration of the 
circulating blood for its heparin content is desirable and should be carried out when 
appl3dng the procedure to the human subject. The use of an inadequate dose of 
heparin results in clotting and embolus formation, while an excess may result in fatal 
hemorrhage, or possibly in massive platelet embolism (26). To neutralize the excess 
heparin present in the body, toluidine blue (2 mg/kg. of body weight in i % solution)® 
was administered intravenously at the end of the dialysis. In this way, hemor- 
rhage at the site of cannulation of the vessels was avoided. 

Adjustmeni of Circulatory Volume 

Because of its distensibility, the volume of blood in the dialyzing membrane 
varies with the rate of blood flow. To avoid these fluctuations, the animal was placed 
on a Eicale sensitive to 10 grams and balanced prior to the dialysis. By manipulating 
the level of blood in the Salvarsan flask used as a reservoir, the return of the blood 
to the experimental animal was controlled so that its weight was maintained con- 
stant. In this way, overloading or depletion of the circulation with its attendant 
effects was avoided. Attention to the weight of the animal also allowed detection of 
any sudden changes in either the inflow or outflow of blood due to clotting in the 
machine or to kinking of the cannulae. However, a gradual gain in weight may occur 
as a result of absorption of water if the animal is dehydrated. For this reason, if the 
flow remains constant, the animal is allowed to gain weight during the diatysis. This 
gain in weight may amount to 500 grams or more. That it is not due to hemodilution 
is evidenced by the fact that the specific gravity of the blood serum remained con- 
stant or varied only slightly (d= 0.001) throughout the procedure even when water 
was absorbed from the bath. 

® Ampules of toluidine blue were supplied by the Lakeside Laboratories through tlie courtesy 
of Dr. H. L. Daiell. 
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Other Technical Details 

Instead of the glass beads suggested by Kolff (2), a gauze filter was placed in the 
system between the reservoir and the venous cannula to remove any blood clots. 
The donor’s blood used to fill the membrane was also filtered through a cloth filter 
impregnated with bakelite (27). 

The cellophane was attached to the rubber connections at the end of the appara- 
tus by surgical silk and to the drum by surgical gauze. Gauze knots were also placed 
through the metal perforations in a row along the length of the drum in order to 
prevent the cellophane from slipping. Ordinary cotton string is unsuitable for this 
purpose since it contains sizing which dissolves in the bath and causes reactions in 
the animal. 

Venous and arterial manometers were attached by T-tubes so that determina- 
tions of these pressures could be made throughout the procedure. Latex surgical 
tubing was used throughout in making connections from the cannulae to the ma- 
chine. All the glass, metal and rubber connections were thoroughly rinsed with tap 
water following each experiment, soaked in 5 per cent hydrogen peroxide and 
thorouglily rinsed with distilled water and sterilized. 

Blood for filling the membrane was collected from a donor that had been cross- 
matched with the e.xperimental animal. After infiltration with 2 per cent procaine- 
epinephrine, the femoral artery was cannulated and the animal was allowed to 
exsanguinate itself into a parafiin-coated flask containing 10 mg. of heparin. 

When nccessarj", fresh concentrated red cells were transfused into the dog at the 
conclusion of the dialysis in an amount indicated by the hematocrit and the degree of 
hemolysis produced by the procedure. At this time also 200,000 u of crystalline 
penicillin G was administered intravenously. To replace the loss of water-soluble 
vitamins, these were also either administered intravenously or preferably added to 
the animal’s food. 


REStJLTS 

Removal of Calabolilcs 

Urea and other nitrogenous waste products. In table 5 are recorded data on the 
rate of removal of urea, creatinine and non-protein-nitrogen from tlie blood of four 
animals. The plasma urea and non-protein nitrogen levels of table 5, expressed in 
percentage of their initial levels, are in all cases comparable, indicating that most, if 
not all, of the non-protein-nitrogenous constituents are being removed at comparable 
rates, .'\lthough creatinine also, as shown in the table, diffuses rcadih' across the 
membranes, a dialysis of three hours is not alwa\*s sufficient to reduce the creatinine 
level to normal. Urea dif!us<s most readily through the membrane despite the fact 
lliat it is present in the blood, chiefly in the form of the dimer, (C02vII:)» (28). 

Inorganic sulfates. In table 6 are reproduced the analytical data for inorganic 
sulfates on S dialyses on 2 animals. It will be noted that the sulfate levels were not 
reduced to normal by the dialysis. Nevertheless, this ion is removed fairh' efnciently 
and th.c levels maintained were sufficient to permit survivals to the 17th and 2otb 
thys in these animals. 



45 ° 


VANATTA, MUIRHEAD AND GROLLM/\N 


Volume 156 


Table 5. Blood plasma urea, non-protein-nitrogen and creatinine before and afxep. 

8 DIALYSES ON 4 DOGS^ 


DOG 

DAYS rOLLOI\^NG 
OrERATION 

BEFORE DIALYSIS 

AFTER DIALYSIS 

XJtcx 

NPN 

Creatinine 

Urea 

NPN 

Creatinine 





mg/lOO cc. plasma 



I 

4 

344 

445 

1 

3 - 3 : 

68 

46 

2-3 


7 

4 SS 


3-0 

47 

30 

j 

2.0 

2 

S 

308 

450 

3-0 

j 76 

48 

2-5 


8 

348 

200 

3-1 

178 

107 

2.4 

3 

5 

396 

180 

i 3.1 

98 

48 

2.2 


8 

22s 1 

133 

2.9 

81 

55 

2.1 

4 

6 

360 

278 

3-0 

141 

124 

1.7 


9 

350 

0 

4.0 

111 

71 

1.9 


^ In dog I, botli ureters were ligated and divided; in dogs 2, 3, and 4, both kidneys were removed. 


Table 6. Inorganic stilfate content of the arterial blood plasma of 2 dogs before and 

AFTER 3 nOURS OF DIALYSIS WITH THE ARTIFICIAL KIDNEY^ 


DOG 

DAYS FOIXOWING 
OPERATIOI^ 

INORGANIC SDFLATE CONTENT 

OF BLOOD 

DOG 

DAYS 

FOLLOWING 

OPERATION 

INORGANIC SULFATE CONTENT 
OF BLOOD 

Before dialysis 

After dialysis 

Before dialysis 

After dialysis 



mEq. per liter 



mEq. per liter 

X 

9 

4.6 

2-3 

2 

7 

2.7 

0.6 


II 

5-0 

2.3 


9 

4.2 

1.8 


14 

5-0 

1-7 


II 

S-o 

0.8 






14 

4.8 

0.4 


1 Dog I was bilaterally nephrectomized; in dog 2, one ureter was implanted into the small bowel 
and the contralateral kidney removed. 


Table 7. Phosphate content of arterial blood plasma of 3 dogs before and jAfter 

DIALYSIS UTTH THE ARTIFICIAL EIDNEY’- 


EXPEEIMENX 

NO. 


1 

2 


BEFORE AFTER 

DIALYSIS DIALYSIS 

mEq. per liter 
28.3 14.6 

27. S 6.8 


EXPETUUENX 

KO. 

3 

4 


BEFORE AFTER 

DIALYSIS DIALYSIS 

piBq. per liter 
8.4 4-9 

6.2 3.0 


1 Experiments i and 2 were performed 3 days following bilateral nephrectomy; experiments 3 
and 4 were performed on the 13th and 17th days following unilateral nephrectomy with implanta- 
tion of the ureter of the contralateral kidney into the small bowel. 


Table 8. Phenol content of arterial blood of a dog 8 days following bilateral ligation 

OF THE URETERS, BEFORE AND AFTER 3 HOURS OF DIALYSIS ON THE ARTIFICIAL KIDNEY 

rHENOL CONTENT OF BLOOD 



Total 

Free 

Conjugated 



ms /100 cc. 


Before dialysis 

1-37 

I-I 5 

0.22 

After dialysis 


0.7s 

0.05 

After passage of blood through dialyzer 

0.43 

0.42 

0.03 
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Inorganic phosphates. Table 7 demonstrates that although no phosphate is 
added to the bath, severe depletion of the inorganic phosphate is not produced and in 
dialyses of three hours or less, sufficient phosphate is dialyzed from the blood to 
maintain relatively normal blood levels. 

Phenols. It has often been claimed that many of the symptoms observed in 
uremia are due to the accumulation of phenolic substances in the body. The blood 
of animals deprived of renal excretory function accumulates phenols and other sub- 
stances (pyruvic acid, hydroquinones, catechols, aldehydes etc.) which react like 
phenols with diazotized para-nitroaniline. These substances, as shown in table 
8, are dialyzable and are removed from the blood by the artificial kidney. 


Rate of Dialysis 


A comparison of the urea concentration of the blood before and after its passage 
through the dialyzer permits one to determine the optimal rate of blood flow to be 
maintained and the time necessar}’’ for attaining equilibrium between the body and the 
dialyzing bath. With a blood flow of 120 to 150 cc,, the removal of urea from the 
blood is fairly complete and equilibrium is attained between the sodium, potassium, 
calcium, chloride and carbonate of the blood and the bath. This rate of blood flow 
was, therefore, maintained wherever possible. 

The time necessary for removing the urea from the body by dialysis ma)’’ be 
calculated by application of the ‘compound-interest law’ formula: U( = where 
W { represents the amount of urea left after time /, n = the amount of urea present at 
tlie beginning of the experiment e = base of natural logarithms, 0.4343 , and n — the 
fraction of the total urea removed per minute. 

Applying the above equation to a dog of average size (10 kg.) with a blood flow 
of 150 cc. per minute through the dialyzer for a period of 3 hours and an initial urea 
level of 500 rag/ioocc. of blood, = 0.5 X 80 X .4343”*^^”^'’^ = 2,42. The urea con- 
tent at the end of the experiment Avould be = 30 mg/ioo cc. In actual practice 


the removal has not been as good as this due to the failure of the dialyzer to remove 
all of the urea and probably to a slight delay in attaining equilibrium between the 
blood and the tissues. To maintain a dog deprived of its renal cxcrctoiy' function in 
good condition, it was neccssarj' to subject it to the procedure for a period of 3 hours 
on the 4th or 5th day after operation and on every' 3d or 4th day thereafter. 

In figure i are reproduced data on the concentration of the more important 
constituents of the blood plasma on a dog sundving for 19.5 da3'S following bilateral 
nephrectomy. This animal was dialyzed for 2 to 3 hours on the 7th, pth, xith, 14! h 
and X7th days following tlie remov'al of the second kidnej'. It is noted that the 
sodium, chloride and carbon dioxide combining powers of the blood are markedh’’ 
reduced on the 5th day following nephrectomy. Inasmucli as this dog was not 
vomiting nor haafing diarrhea during this period, the reduction in sodium and chloride 
must indicate a passage of these ions from the extracellular to the intracellular fluid 


spaces. Also to be noted is the continued rise of the carbon dioxide combining powcr 
during the two da^'s following the dialysis. Inasmuch as the concentrations of in- 
organic phosphate, sulfates and organic acids are increasing during this time, some 
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other factor must be involved in the production of acidosis in the uremic animal 
than merely the increase of acid catabolites. A further study of this phenomenon is 
indicated. 


DISCUSSION 

By adherence to the procedure as outlined above, it has been possible to maintain 
dogs deprived of all renal excretory function in good condition for periods beyond 
those ever encountered in untreated animals. Our control animals always succumb 
within 6 days, whereas those subjected to the artificial kidney may be kept alive for 
8 to 30 or more days, depending on the manner in which they are deprived of their 
renal excretory function. Bilaterally nephrectomized dogs cannot be maintained 



Fig. I. Sodium, chxoride, urea, and carbon dioxide combining power of the blood plasma 
of a bilaterally nephrectomized dog surviving for 19.5 days following the second nephrectomy. 
Concentrations are plotted as ordinates against days following nephrectomy as abscissae. Arrows 
indicate the days on which dialysis for 2 to 3 hours was performed. 

indefinitely by application of the artificial kidney, since these animals succumb after 
one to three weeks from malignant hypertension and at autopsy reveal the lesions of 
this disorder. On the other hand, when an intact kidney remains in the body, 
despite the fact that it is deprived of its excretory function, as when one ureter is 
implanted in the small bowel and the contralateral kidney removed, the animal can 
be maintained for prolonged periods (30 days or more). Such animals at autopsy 
do not reveal the characteristic lesions observed in the nephrectomized animals. 
The blood pressure changes in these groups of animals and their bearing on the 
problem of the pathogenesis of hypertension will be reported elsewhere (29). 

It may be concluded from the present study that dialysis of the blood across a 
cellophane membrane removes adequately the waste products from fhe organism 
and that death in uremia is a result of the accumulation of such waste products. 
The results also prove the eflficacy of the ‘artificial kidney’ in replacing known ex- 
cretory function. 



March xg^g 


ARTIFICIAL KIDNEY 


453 


SUMMARY 

The artificial kidney has been applied successfully to dogs deprived of renal 
excretory function by bilateral nephrectomy or other procedures. A study of the 
artificial kidney as used by previous workers revealed numerous sources of difiSculty. 
Details are given for the correction of these defects including methods for the chemical 
treatment of the dialyzing membrane, the composition of the dialyzing fluid, the 
prevention of overload of the circulation, and other fundamental considerations 
which previous investigators have overlooked. By attention to these details it has 
been possible to maintain dogs deprived of renal excretory function for a period of a 
month when they have been killed for histologic study. 
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BLOOD HYPERTENSINOGEN IN EARLY HEMORRHAGE 

HYPOTENSION 

G. CARL RAU 

Froyn the Department of Physiology and Pharmacology, University of Missouri 

COLXJMBIA, MISSOURI 

C OLLINS and Hamilton (i) reported that in hemorrhaged dogs there was 
often an early increase in renin substrate (hypertensinogen) which later 
decreased if the hypotension was of sufihcient intensity and duration. Using 
guinea-pig ilium for assays, they demonstrated an increase in blood hypertensinogen 
at from 50 to 237 minutes after the start of bleeding for nephrectomized dogs and 
from 60 to 632 minutes in intact dogs with no inactivation of adrenaline. These 
authors point out that while almost half of the animals studied showed an early rise 
in h3rpertensinogen following hemorrhage, in the remainder, this change might have 
been missed by a failure to take samples at the proper tim e. 

The minimal time required for the appearance of an increase in hypertensinogen 
noted by these writers was 50 minutes, but if the release of hypertensinogen following 
hemorrhage is to play any beneficial role during the critical lowering of blood pressure 
attendant on hemorrhage it would seem that an increase in hypertensinogen should 
appear much earlier than 50 minutes after the onset of the hemorrhage. Accordingly 
the experiments reported here were planned to obtain data on the earliest rise in 
hypertensinogen in the blood following hemorrhage. 

PROCEDURE 

Fifteen selected male dogs, 5.5 to 19.0 kg., were used in these experiments. 
These dogs were given intraperitoneally 32.5 mg. of sodiiun pentobarbital per kilo- 
gram of body weight, and the operative procedures were begun about 30 minutes after 
this injection. The retroperitoneal approach was used when nephrectomy was per- 
formed, the only loss of blood being a very small amoimt of superficial bleeding, and 
of course such blood as was actually in the kidneys. Blood pressure was recorded 
directly from the right common carotid artery. Hemorrhage when desired was 
produced by releasing blood from the cannulized left femoral artery. The dogs were 
bled quickly until a blood pressure level was reached at which the usual vasocon- 
striction could no longer raise blood pressure. This procedure required from 16 to 32 
minutes and the actual pressure level of hypotension produced varied from 44 to 72 
mm. Hg. 

In the experimental test there were two groups of dogs, those with kidneys un- 
disturbed and those with complete bilateral nephrectomy. In the first group 3 dogs 
were carried as controls without hemorrhage and 5 were subjected to quick severe 
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hemorrhage. In the nephrectomized group 2 dogs were not hemorrhaged and 5 were 
bled as described. 

Hog renin standardized according to the method of Goldblatt, et al. (2) was used 
throughout these experiments as a test of the hypertensinogen content of the blood in 
the animal, by measuring the blood pressure response to a standard injection of renin. 
Routinely each dog was given one intravenous injection of i.o cc. of standardized hog 
renin about 10 minutes after the blood pressure stabilized following the operative 
procedures. Between 20 and 30 minutes following this first injection a second in- 
jection of 1.0 cc. of renin was given if the dog was not to be bled. If the dog was to 
be bled, the hemorrhage was begun about 20 minutes after the first injection, the 
second injection made immediately following the hemorrhage. ‘ 


Table i. Blood pressure responses following initial injections of i.o cc. hog renin, 

NO hemorrhage 


DOG 

CT)NEV 

CONDITION 

BLOOD PRESSaRE 

DOG 

KIDNEY 

CONDITION 

BLOOD PRESSURE 

Initial 

Actual 

rise 

Percent- 
age rise 

Initial 

Actual 

rise 

Percent- 
age rise 



tnm. Bg 

mm. Hg 




mm. Eg 

mm. Eg 


rp 

Intact 

ll'4 

16 

14 

29 

Bi-lateral 

140 

45 

32 

iS 


122 

10 

8 

28 

Nephrectomy 

176 

30 

17 

20 


162 

8 

5 











34 


I18 

24 

20 

25 


II 2 

28 

25 

33 


120 

28 

23 

21 


122 

10 

8 

31 


134 

30 

22 

24 


142 

38 

27 

32 


138 

42 

30 

22 


180 

6 

3 

3 <^ 


160 

26 

16 

23 


192 

14 

7 







RESULTS 

In table i summarized blood pressure responses from the first 1.0 cc. injection of 
standard renin are presented. The maximal elevations of blood pressure of the 8 
intact dogs during the first three minutes after injection of renin varied from 3 to 27 
per cent, and of the 7 nephrectomized dogs, from 16 to 32 per cent. The greater 
responses of the nephrectomized dogs were in line with what might be expected if the 
current belief that the liver produces hypertensinogen more or less continuously be 
accepted, for the removal of the kidneys would take away the source of renin which 
normally reacts with the hypertensinogen, therefore, allowing the hypertensinogen 
to increase in the blood. 

In table 2 summarized blood pressure responses from the second 1.0 cc. injection 
of standard renin are presented. The maximal rise in blood pressure of the 3 intact 
dogs not hemorrhaged varied from 2 to 8 per cent, while the maximal responses from 
the 2 nephrectomized dogs, which were not bled, to the second injection were 12 and 
20 per cent. 

The dogs subjected to hemorrhage botli intact and nephrectomized, on the 
contraiy', gave profound blood pressure responses to the second injection of renin, the 
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rises being much greater than those elicited by the first injection in spite of the fact 
that some tachyphylactic reduction in response might have been expected. The 
second injection of renin in the dogs subjected to hemorrhage, i.e. the injection 
immediately following hemorrhage, produced rises in blood pressure varying between 
29 and 148 per cent in the intact dogs and 73 and 182 per cent in the nephrectomized 
dogs. 


Table 2. Blood pressltre responses pollowing second injections of i.o cc. hog eenin 


DOG 

lODNEV CONDITION 

• 

HEMOHSHAGK 


BIOOD PItESSURE 


Initial 

Actual 

rise 

Percentage 

rise 





mm. Eg 

mm. Eg 


19 

Intact 

None 


126 

10 

8 

18 




136 

6 

4 

20 

' 



176 

4 

2 

25 


Hemorrhage 

20 

64 

34 

S 3 

21 



15 

62 

18 

29 

24 



20 

SO 

74 

148 

22 



10 

72 

30 

41 

23 



17 

52 

28 

54 

29 

Bi-lateral 

None 


146 

30 

20 

28 

Nephrectomy 



180 

22 

12 

34 


Hemorrhage 

30 

54 

62 

1 13 

33 



35 

• 44 

32 

73 

31 



40 

48 

66 

138 

32 



25 

44 

80 

182 

35 



30 

54 

70 

130 


DISCUSSION 

From these pronounced elevations in blood pressure in both intact and in 
nephrectomized dogs following hemorrhage, within 16 to 32 minutes after the initia- 
tion of hemorrhage, it seems that immediately following hemorrhage during the 
readjustments to the loss of blood and to the resultant hypotension that the supply 
of blood hypertensinogen is abruptly increased. This increase in the hypertensinogen 
content of the circulating blood might be produced by a return to the general circula- 
tion of blood from the liver, the source of hypertensinogen, during the vasocon- 
strictor reactions which return blood from all of the visceral organs, or as a result of 
increased production of hypertensinogen by the liver. 

This sudden rise in hypertensinogen noted immediately after hemorrhage in 
both intact and in nephrectomized dogs might be interpreted as a very rapid compen- 
satory response to make the increased out flow of renin from the kidneys, which are 
stimulated by the post-hemorrhage hypotension and anoxemia, available for pro- 
duction of h3^ertensin at the time of circulatory crisis. This hypertensin could act 
beneficially against the existing hypotension. 
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SUMMARY 

A rapid and marked rise in the hypertensinogen content of blood immediately 
after hemorrhage, that is within 1 6 to 32 minutes after the hemorrhage started, was 
demonstrated by the injection of standardized hog renin into both intact and ne- 
phrectomized dogs. The possible application of this rise in blood hypertensinogen 
to the circulatory crisis following hemorrhage is discussed. 

REFERENCES 

1. Collins, D. A. and A. S. HAJimoN. Am. J. Physiol. 140: 4gg, 1944. 

2. Goldblatt, H., Y. J. Katz, H. A. Lewis Aim E. Richardson.- J. Paper. Mei. 77: 309, 1943. 

f-L I A # 



ENZYME STUDIES ON HUMAN BLOOD . IV. INTERRELATION 
OF HEPARIN AND FIBRINOGEN FRACTIONS' 

GEORGE Y. SHINOWARA 

With the technical assistance of Mary Beth Everhart 
From the Department of Pathology, College of Medicine, The Ohio Stale University 

COLHMBHS, OHIO 

I NVESTIGATIONS on the possible mechanism of the anticoagulant action 
of heparin have centered largely on the problem of its cofactor. In 1918, 
Howell and Holt (i) showed that heparin requires a blood factor to prevent 
the coagulation of fibrinogen by thrombin. Subsequently Quick (2) suggested 
that an albumin fraction contains normal antithrombin, which together with heparin, 
exerts a powerful anticoagulant action. Others (3, 4, 5) confirmed that the heparin 
cofactor is a substance associated with an albumin fraction, but not crystalline 
albumin. 

In a previous communication from tliis laboratory (6) it was demonstrated 
tliat human plasma albumin actually accelerates the reaction of fibrinogen fractions 
with thrombin. Therefore, in view of this finding and the reported synergism of 
antithrombin and heparin, experiments on the influence of heparin on fibrinogen 
fractions were undertaken. 


EXPERIMENTAL 

Fraction I was prepared by the low temperature-ethanol procedure, Step 6, 
of Cohn el al. (7). Subfractions which had a fibrinogen purity of 70 to Soper cent 
were prepared by lowering the temperature of a concentrated Fraction I solution 
to o°(8). Ethanol was added to the resulting 0° supernatant at pH. 7.2 T/2, 0.129, 
to a final concentration of 8 per cent, at final temperature of —2° to —3°. The pre- 
cipitate was separated in a refrigerated centrifuge and dried by lyophilization. 
The dried powder was dissolved in citrate-phosphate buffer (pB. 7.2 T/z, 0.129) to 
yield a i per cent solution. The insoluble material after 20 minutes of careful stirring 
was removed by centrifugation at 1000 g, 20°, for 30 minutes. The supernatant 
fluid was opalescent and showed no fine or large particles. Approximately one half 
of this solution was filtered once through a Seitz filter (50 cc/6-cm. pad). Spec- 
trophotometric data at 450 mu, for relative values only were obtained on the filtered 
(F) and not filtered (N) solutions. The preparation of thrombin, buffer and al- 
bumin solutions, and the technics for the determination of clotting time, protein 
and clottable protein have been previously described (6, 9). The results from the 
determination of fibrinogen purity as done in this laboratory are at best approxima- 

Received for publication November 29, 1948. 

I Fibrinogen fractions were prepared in this laboratory from dried normal plasma processed 
' from blood obtained from volunteer donors enrolled by the American Red Cross. 
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Ct 7 R\^ NO. 

inXTUREl 

OnSERVATlONS 'WITnO'UX ADDED 
TUROMBIN 

Fibrinogen Stocks 

Buffer 

4% Al- 
bumin 

1 

i Heparin 
Added 

(N) 

(F) 


CC, 

CC, 

CC, 

, CC. 



I 

3 


6 


3 cc. 40 mg.% 

Opalescent: no change, 6 hrs. 

2 


3 

6 


(( Cl If « 

Clear; no change, 6 hrs. 

3 

3 



t 6 

II II II *< 

Opalescent: granules, i hr. 

4 


3 


1 

II II II <1 

Clear: no change, 6 hrs. 

s 

3 


6 


3 cc. 8 mg.% 

Granules, 4 min.: pellicle, 90 min. 

6 

i 

3 1 

6 


II II II II 

Clear: no change, 6 hrs. 

7 

3 



6 

II It <1 t< 

Granules, 1 min.: pellicle, 40 rain. 

S 


3 


6 1 

II 41 II II 

Clear: no change, 6 hrs. 

9 

3 


9 


None 

Opalescent: no change, 0 hrs. 

10 


3 

9 


11 

Clear: no change, 6 hrs. . 

II 

3 


3 

^ 1 

II 

Opalescent: no change, 6 hrs. 

12 


3 

3 

6 

“ 

Clear: no change, 6 hrs. 


' Clotting times with thrombin were done on 0.8 cc. aliquots. " Sec Exp, i, table i, for other data. 
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tions. The factor 16 for the relative chroraogenic values of protein to tyrosine with 
the phenol reagent was obtained on Fraction I. It does not follow that this factor 
would also be applicable to both the dottable and nonclottable components of fibrino- 
gen fractions. However, for comparative purposes this method was employed, since 
insufficient samples made gravimetric estimations of dottable protein as obtained by 
thrombin or by heat impossible. 

Proteolytic enzyme was estimated as outlined in another report (10) with one 
exception. The preparation of the substrate was modified in view of the report that 
traces of a proteolytic enzyme occur even in C.P. casein (ii). A 4 per cent casein 
(Pure, Coleman) in i/io M NaaHPOi was heated at 80° for five minutes. One 
volume of this inactivated material was added to one volume of buffer, the resulting 
substrate being 2 per cent casein in 1/15 M Sorensen buffer at pK 7.3. With this 
modification, 100 cc. of the 2 per cent substrate control after 48 hours incubation 
contained 2.30 mg. ± S.D. 0.019 acid soluble ‘tjurosine’ in five separate runs in con- 
trast to variable results as high as 14 mg. found in the previous work (10). For a 
negative enzyme control, the action of albumin (Fraction V) on casein was tested: 
the results were —0.48 mg. ± S.D. 0.27 acid soluble tyrosine (five separate runs) 
per 100 cc. 2 per cent albumin solution. 

All solutions except the citrate-phosphate buffer were made up on the day of the 
experiment. The legend for figure i is an example of a protocol. Heparin (Con- 
naught Laboratories, no Toronto tr/mg.) was dissolved in the buffer just before 
addition at zero time. Clotting time estimations were done on 0.8-cc. aliquots of 
the resulting mixtures by the addition of 0.2 cc. i-io ‘Hemostatic Globulin’ (Lederle). 

The calcium content of the dried fibrinogen fraction was determined on a 1.5 
m grating spectrograph (Applied Research Laboratories). XJltra\dolet absorption 
studies on filtered and not filtered fibrinogen fraction solutions were done in a quartz 
spectrophotometer (Beckman, Model D.U. with ultraviolet accessory). 

RESULTS 

The influence of heparin on the fibrinogen fraction-thrombin reaction in relation 
to incubation time and added albumin is shown in figure i. The control curves 9, 
10, II and 12 demonstrate that there are no significant differences in the thrombin 
clotting times between filtered and not filtered fibrinogen fractions, that there are 
no changes in the values obtained during a test period, and that the addition of 
albumin lowers the clotting time (6). High concentration of heparin (10 mg. %) 
definitely increases the clotting time. In the filtered fraction (curve 2) the increase 
is much greater than in the not filtered fraction (curve i). Addition of albumin to 
the fraction before heparinization diminishes this increase in the clotting time in the 
filtered fraction (curve 4) and much more so in the not filtered fraction (curve 3). 
Addition of less heparin (2 mg. %) increases the clotting time to a lesser degree in the 
filtered fraction (curve 6), but reduces the clotting time in the not filtered fraction 
(curve 5). The addition of albumin depresses the increased clotting time of the 
filtered fraction (curve 8) and leads to immediate clot formation with thrombin in 
the not filtered fraction (curve 7). 

Observations on the effect of heparin alone on fibrinogen fractions, without 
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measurements with thrombin, are recorded in the legend for figure i. Large granules 
or threads appeared in less than five minutes in this and other experiments in not 
filtered fibrinogen fractions at the 2 mg. per cent heparin concentration level. By 
vigorous shaking the large granules could be broken down into finer granules, but 
in 10 to 20 seconds they would reform. La three out of five experiments ‘clots’ 


Table i. Effect of varying heparin concentrations on filtered 
AND NOT filtered FIBRINOGEN FRACTION 


TREP. NO. 

EXP. 

NO. 

1 

DATA ON FIBRINOGEN FRACTIONS IVIXUOUT ADDED HEPAEIN| 

REtATIVE CtOTTING TIME ONE HOUR , 
ADDING HEPARIN^ 28 sb 0 . 5 ° 

ing. heparin/100 cc. solution 

AT TER 

Stock solution 

Proteol. 

1 En- 
1 zyme* 

Clotting time* ! 
Sec. ± S.D. 1 

j 

N/F* 

Pro- 

tein 

% Pur- 
ity fib- 
rinogen 

2-Log 

1 X 450 

mu’ 

1 

, 

1 

2 i 

J 

0.4 


.016 


R2S 

■ 

H 

1.04 

1 .73 

1 , . 

72 

70 

•959 

.065 

9.2 

— 2.1 
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of 4 to 6 results obtained at different times. Relative clotting time = 

C. T. fibrinogen Fraction + heparin . 

C. T. fibrinogen Fraction alone 

® Fraction I. The other preparations are subfractions. 

appeared within 30 to 90 minutes. These ‘dots’ resembled the pellicle occasionally 
observed in the spinal fluid of tuberculous meningitis. In similar experiments 
with added albumin, granules and clot formation occurred more rapidly. 

Table i represents a summary of six experiments with Fraction I and its sub- 
fraction of higher fibrinogen concentration. In each of the experiments as many as 
28 reaction mixtures were tested. Since it would not be feasible to report 140 curves 
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of the type depicted in figure i, the relative clotting times one hour after the addition 
of heparin as well as other data in the six experiments are summarized. 

The anticoagulant activity of heparin at 10 mg. per cent concentration without 
added cofactor is demonstrated in all six experiments: In tests with filtered fibrinogen 
fractions the clotting times with thrombin are 7 to over 20 times greater than those of 
their respective controls; with not filtered fibrinogen fractions, ij to 18 times greater. 
At a lower (critical) concentration of heparin an opposite activitv is observed in all 
five experiments on subfractions of Fraction I. The clotting times of not filtered 
fibrinogen fractions with thrombin are lower than those of their respective controls, 
and this phenomenon could be observed usually in less than one hour. The anti- 
coagulant effect is again definitely present at still lower heparin concentrations, and 
disappears finally. The results from the other added albumin experiments have 



TOEin. HEPARIH/IOOcc. FIBHINOGEU 
FRACTION SOLUTION 

Fig. 2. Influence of heparin concentration on the clotting times with thrombin of Seitz 
filtered (F) and not filtered (N) fibrinogen fractions. See Exp. i, table i, for other data. 

been omitted since the data in figure i are typical of all experiments; albumin 
definitely decreases the thrombin clotting times of aU reaction mixtures tested, 
with or without added heparin, on filtered or not filtered fibrinogen fractions. 

Proteolytic enzyme activity (10) was present in all preparations studied. The 
almost complete removal of this enzyme activity by Seitz filtration and/or adsorption 
was also noted. It was found by spectroscopic analysis that there was less than 
6 X io“® M of calcium in 0.25 per cent fibrinogen fraction. Ultraviolet absorption 
studies showed a maximum extinction at 280 mju, and minimum extinction at 254 
mn in both the filtered and not filtered solutions (0.05% protein, pR 7.2). 

Figure 2 shows the relative clotting times plotted against heparin concentrations. 
Curve F is obtained with filtered fibrinogen fraction. Curve N, with the not filtered 
fraction. Similar curves characteristic for the filtered and not filtered preparations 
were also obtained in experhnenls 3 and 4. In experiment 6, Fraction I — Prep. S4, 
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the curves are likewise comparable to^those in cxpermenl 5 except that the clotting 
time values do not reach low levels as m the other experimerits. 

DISCUSSION 

The results of the foregoing experiments suggest the existence of a biologically 
active substance or substances which for the purpose of this discussion shall be 
designated Factor P, and which may be characterized as follows: it is present in 
Fraction I, but more evident in subfractions; it can be mostly removed by Miration 
with the Seitz filter and/or concomitant adsorption; it does not perceptibly influence 
tlie ultraviolet absorption of fibrinogen fractions; it has a complex influence upon the 
clotting mechanism of fibrinogen fractions depending on the heparin concentra- 
tion. 

The totally diverse effects induced by the addition of various concentrations of 
heparin to not filtered fibrinogen fractions require some comment. The following 
is suggested as an interpretation of this phenomenon. ^Vhere H is the active anti- 
coagulant (heparin, heparin complex, or the active heparin moiety), and P is Factor 
P as described above, at a certain concentration level of added heparin an antico- 
agulant effect is produced: P -p nH^^PHn. As more heparin is added, a second 
equilibrium is established, showing a coagulant effect: PHn + mH^PHn+m. Since 
the maximum amount of PHn+m has been formed, additional heparin again results in 
an anticoagulant activity. (The methal ammine reaction of Ag with variable con- 
centrations of NH3 is cited as a cliemical analogy to the above equilibria.) This 
concept is compatible with the results obtained in siim'lar experiments with once 
Seitz-filtered fibrinogen fractions, which can be considered systems deficient in Fac- 
tor P. The plateau on the heparin concentration-clotting time curve (fig. 2) is 
interpreted as evidence of a minute amount of Factor P not removed by Seitz filtra- 
tion. 

In consideration of the probable identity of Factor P, it is emphasized that the 
total calcium concentration is less than 6 X io“® m in the 0.25 per cent fibrinogen 
fraction solutions reported here. This amount is about 4 per cent of the 1.5 X 
I or® M of ionized calcium, the minimum necessaiy to activate prothrombin in the 
presence of excess thromboplastin, according to Nordbo (12) and Quick (13). This 
fact then would rule out thromboplastic substances requiring ionized calcium to 
activate prothrombin. It has been reported that trypsin can activate prothrombin 
in a calcium ion-free system (14). The fact that proteolytic enzyme actiAUty (10) 
is removed by Seitz filtration and that prothrombin can be removed by the same proc- 
ess is not evidence that they may be components of Factor P but serves only as a 
guide in future experiments. The relation of Factor P to antihemophilic globulin 
(is)j 3'lso present in Fraction I, is being studied. 

On the basis of electrophoretic studies, Chargaff el ol. (16) suggested that the 
most likel}'’ point of attack of heparin in plasma is the beta globulin. They observed 
that a globulin fraction with the mobility of ga mm a globulin was not attacked by 
heparin. These observations are of interest in view of the results in the present work 
with fibrinogen subfractions. Further purification of Fraction I removes albumin 
and alpha globulins before beta and gamma globulins (7, 17). 
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That concentrations as low as o.oi mg. (1,1 Toronto units, 5 Howell units) 
heparin can influence tire clotting time with thrombin of 100 cc. of filtered fibrinogen 
fraction solution is of significance (table i, Exp. 3, 4, 5). This amount is not far 
removed from the 2.4 mg. crude heparin (0.4 Howell units) found in 100 gm. of ox 
serum by Charles and Scott (18) with an isolation procedure, which for comparative 
purposes may be satisfactory but for the estimation of the absolute concentration 
is open to question. In another communication (g), the anomaly of increasing 
purity of fibrinogen fractions resulting in a higher clotting time with thrombin was 
explained on the basis of a possible concomitant removal of coagulant and/or con- 
centration of anticoagulant factors in the purification procedure. 

In conclusion, the results obtained thus far in this laboratory are indicative of a 
system in which Factor P and heparin interact and are held in delicate equilibria. 
This theory suggests a reconsideration of Howell’s (19) concept that heparin is a 
normal stabilizer of the fluidity of blood. 

SUMMARY 

The effect of heparin on fibrinogen fractions, prepared by low salt-low tempera- 
ture-ethanol procedure, was studied. As low as o.oi mg. heparin, without added 
cofactor, has a measurable anticoagulant effect on 100 cc. of Seitz-filtered fibrinogen 
fraction. On not filtered fibrinogen fraction solutions, variable but reproducible 
effects, depending on the concentration of added heparin, were obtained. This 
phenomenon suggests the presence of another factor (P) which is necessar}^ for the 
production of the coagulant effects of heparin in fibrinogen fractions. 
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T he formation of edema in cardiac failure was assumed for many years to 
be secondary to an increase in venous pressure. According to this hypothe- 
sis the major factor causing water and salt retention was extrarenal; the 
increased hydrostatic pressure forced fluid out of the vascular compartment into the 
tissue spaces and thus made this fluid unavailable for excretion. The lesser, or renal 
factor, leading to the oliguria of cardiac failure was supposedly the result of renal 
congestion caused by the increased venous pressure (i). In 1913 Rowntree, Fite and 
Geraghty (2) studied the effects of chronic passive congestion of the kidney on renal 
function in dogs. They applied a band about the left renal vein and collected urine 
from the two kidneys separately through ureteral catheters.- They observed in some 
dogs little change in urine flow on the left but a 20 to 40 per cent reduction in phenol- 
sulphonphthalein (PSP) excretion and a diminished urine chloride concentration and 
chloride output. When they performed a right nephrectomy and then banded the 
left renal vein, there was a reduction in salt output without change in PSP excretion 
and no consistent change in urine flow. 

In 1937 Winton (3) reviewed the physical factors governing urine flow. On the 
basis of his experiments in animals, as well as the work of others, he concluded that 
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compression of the renal vein with subsequent renal congestion leads to a reduction in 
urine flow and chloride excretion. The findings were believed to result from a 
partial obstruction to the flow of urine through the tubules by the increased intra- 
renal pressure. Studies have been conducted on the effects of increased intra- 
abdominal pressure on renal fimction (4-7). Reduction in urine flow and sodium 
excretion (8) have been demonstrated but the results are difficult to evaluate since 
the pressure in the renal pelvis as well as the pressure in the renal vein were increased. 

Since the introduction of renal-clearance techniques the mechanisms involved in 
the renal retention of sodium in cardiac failure have received considerable attention. 
Warren and Stead (9), Merrill (10), Mokotoff, Ross and Leiter (ii) and Stead, War- 
ren and Brannon (12), have suggested that in many patients reduced sodium excretion 
is related to a reduction in glomerular filtration rate, especially following muscular 
activity (13). Other workers believe that the decreased sodium excretion is not 
entirely related to filtration rate but is related to an increased rate of sodium reab- 
sorption (14-17). In accordance with classical concepts elevated venous pressure 
has been suggested as a possible cause (14, 18). The present studies were undertaken 
to determine by the newer techniques available what effect the single variable of 
increased renal venous pressure has on renal function. 

METHODS 

Twenty-two male or female dogs weighing 10 to 32 kg. were used. They were 
anesthetized with sodium pentobarbital administered intravenously in doses of 30 
to 3S mg/kg. Renal function was measured separately and simultaneously in the 
two kidneys by means of clearance techniques. During the experiment the pressure 
was raised only in the left renal vein. The right kidney thus served as a control. 

Certain operative procedures were necessary to prepare the animal for study. 
The abdomen was opened by midline incision. Both ureters were cannulated with 
plastic tubing in order to collect urine from the two kidneys separately. The left 
renal venous pressure was measured with a saline manometer through a no. 9 or 10 
venous catheter which had been inserted through a small incision into the right 
jugular vein and thence manipulated into the left renal vein. A constant infusion 
of isotonic saline solution flowed slowly through the catheter to prevent blockage by 
blood clot. The pressure in the left renal vein was raised by means of a specially 
constructed screw-clamp. Extension arms on the clamp made it possible to compress 
the renal vein and release the compression without disturbing the abdominal contents. 

When the operative procedure was completed, urine was collected separately 
from the two kidneys during periods of equal duration ranging from 5 to 20 minutes. 
After two or three initial control periods the pressure in the left renal vein was raised 
by 50 to 420 mm. saline above the initial level which ranged around 100 mm. saline. 
The elevation in venous pressure was maintained for two to four periods. The clamp 
was then released and renal function studied for two or three additional periods at the 
control venous pressure. The mean arterial blood pressure was measured with a 
mercury manometer connected to the left common carotid artery. Left renal venous 
pressure and mean arterial blood pressure were recorded every 5 minutes. 

The following clearance techniques were used. The creatinine clearance (Ccr) 
was considered equivalent to the glomerular filtration rate and the clearance of para- 
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aminohippurate (Cpah) was considered an adequate estimate of renal plasma flow. 
Water excretion was recorded in some experiments as the percental:, nf " :ij 

creted as urine, i.e. the urine flow divided bj'- tlie filtration rate 
excretion has been treated similarly, the sodium clearance divided by the creatinine 
clearance (Csn/Ccr) givmg the percentage of filtered sodium excreted in the urine. 
Therefore i-CNa/Ccr is the percentage of filtered sodium reabsorbed. Glucose 
Tm(TmG) and diodrast Tm(TmB) were measured in 2 dogs to evaluate tubular 
function. 

With few exceptions each dog received during the operative procedure an arqount 
of 1.5 or 2.0 per cent saline solution equal to 5 per cent of its body weight. This 
infusion was given in about 30 minutes to one hour through a cannula inserted into 
the right femoral vein and was followed by the administration of appropriate doses 
of creatinine, para-amino-hippurate (PAH), glucose or diodrast to attain blood con- 
centrations within a suitable range, viz. 20 to 40 mg. per cent, 0.8 to 2.5 mg. per cent, 

450 to 950 mg. per cent and 20 to 50 mg. per cent, respectively. These concentrations 
were maintained at a relatively stable level by the administration of a sustaining 
infusion at a constant rate of 2.7 to 3.0 cc. per minute. Thq amounts of the drugs 
for the initial dose and the infusion were calculated on the basis of the weight of 
each dog.'* Fifteen or 20 minutes after starting the sustaining infusion or after the 
last surgical manipulation, depending on whichever came later, the collection of 
urine samples was begun. Eight to 15 cc. of blood were withdrawn every 15 to 30 
minutes through a retention needle inserted into the right femoral artery. Potassium 
oxalate was used as an anticoagulant. Blood samples were centrifuged and the 
plasma separated. Creatinine, PAH, glucose and diodrast were determined in 
plasma filtrates made with CdSO^ according to the method of Fujita and Iwatake 
(19). Urine samples were collected directly in graduated cylinders and prepared 
for analysis by suitable dilutions. Creatinine was determined by a modification of 
Bonsnes’s method (20), PAH by the method described by Goldring and Chasis (21), 
glucose by the Nelson-Somogyi method (22) and diodrast by Alpert’s method (23), 
modified in this laboratorj'’ by Fithian and Baker (24). Sodium analyses were 
carried out on an internal standard type flame photometer. 

RESULTS 

The 13 dogs® in which experimental procedures were satisfactory have been 
divided into 4 groups. In Group I were those dogs in which venous pressure was 

*■ In dog 26 no sodium was administered; both initial and sustaining infusions consisted of a 
solution of 10% dextrose in water. In dog 23 the amounts of water and sodium administered were 
limited. The initial infusion was an amount of 0.85% saline solution equal to 3% of the body weight 
and the sustaining infusion, likewise isotonic saline solution, was given at a rate of 2.6 cc/min. In 
dogs 22 and 27 glucose Tm and in dog 27 diodrast Tm were determined. These dogs received initially 
an amount of isotonic saline solution equal to 8 to 10% of body weight. The sustaining infusion of 
isotonic saline solution, which contained 15% glucose and 1.8% diodrast, was administered at a rate 
of s to 6 cc/min. 

® Clearance values were obtained on 22 dogs but the results in 7 were not considered valid 
because the filtration rate fell off more than 25% during the course of the experiment. The mean 
arterial blood pressure also gradually declined, usually to below 100 mm. Hg. Glucose Tm was 
determined in 2 of the 15 satisfactory experiments. The control values for Cpah , Ccr and filtration 
fraction per square meter of surface area were somewhat higher than those obtained by Selkurt (25) 
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raised to between 100 to 200 mm. saline, in Group II those in which venous pressure 
was raised to between 200 to 300 mm. saline and so on. With three exceptions the 
initial pressure was roo ± 20 mm. saline. It has been assumed that the control 
pressure in the right renal vein was approximately the same as the control pressure 
in the left. The classification of the experiments into these 4 groups has been main- 
tained throughout the presentation of the data in figures 1 through 6. In these 
figures the abscissa is divided into three sections. The first comprises the three 
control periods of urine collection at the initial venous pressure of 80 to 120 mm. 
saline. The second section contains five segments, each representing a different 
increment in venous pressure. Each of the five segments is subdivided into the three 
separate, successive periods of urine collection obtained while the venous pressure 
was elevated. Hence, it is possible to illustrate the effect on renal function of the 
duration of the increase in venous pressure as well as the effect of the height of the 
venous pressure. The third, or recovery section, comprises the three periods of 
urine collection following return of the left renal vein pressure to its control value. 
The results observed in any one dog will fall into the control section, one of the five 
segments of the increased venous pressure section, and into the recover}’- section. 
On the ordinate in all six figures are plotted the values which represent the function 
of the left kidney as compared to that of the right. The values representing the 
relative function of the left kidney are not the actual value differences between the 
two kidneys but are the percentages that the function in the left kidney differed from 
the same function in the right For example, if the plasma flow through the left 
kidney was 105 cc/min. and that through the right kidney was 100 cc/min,, the value 
plotted on the ordinate would be X 100 or 105 per cent. The horizontal dotted 
lines in the figures indicate the values ± twice the standard deviation of the mean of 
the control values. It is to be noted that during the three control periods of urine 
collection the function of the left kidney did not deviate from that of the right by 
more than ±10 per cent, i.e. the function of the left was 90 to no per cent of that of 
the right. For this reason it has been assumed that any deviation of much more than 
10 per cent during a period of increased venous pressure may be considered a sig- 
nificant deviation and attributable to the increased pressure in the left renal vein. 

Effect of Increasei Renal Venous Pressure on Renal Plasma Flow, Glomerular 
Filtration Rate and Filtration Fraction, Para-aminohippurate clearance (Cpah) was 
measured in 10 dogs (fig. i ) . Of these, 6 dogs showed no significant alteration of renal 
plasma flow through the left kidney despite elevation of the venous pressure up to 
350 mm. saline for as long as 52 minutes. In 2 dogs Cpah feU initially in the left 
kidney but only to a minimally significant extent and rose to control values again 
before the venous pressure was brought back to the control level. In 2 dogs (9 and 
jo), when the venous pressure was raised to 550 mm. saline, there was no initial fall 
in CpAH but, after 15 to 20 minutes at that pressure, there was a significant drop in 
left renal plasma flow, 22 per cent and 66 per cent in dogs 10 and p respectively. 

Glomerular filtration rate (Ccr) was likewise essentially uninfluenced by eleva- 
tion of the renal venous pressure up to 350 mm. saline (fig. 2). Ccr fell slightly in 

on similarly anesthetized dogs. Average figures -with standard deviations were Cpah I 73 ± 4 ° cc/ 
min., Ccr 54 ± lo cc/min. and F.F. 0.35 ± 0.06. None of the clearances for the experiments 
accepted as valid fell outside twice the standard deviation of the mean. 
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the left kidney in one dog (No. 5) in which the pressure in the left renal vein was 
maintained at 350 mm. saline for 52 minutes. There were significant decreases in 
glomerular filtration rate of 18 and 52 per cent respectively in dogs 10 and g in which 
the venous pressure was raised to 550 mm, saline. 

The filtration fraction (F.F.) was not consistently altered by the elevation of 
the renal venous pressure until the venous pressure was raised to as high as 550 mm, 
saline. It was increased about 15 per cent in dog g and 5 per cent in dog 10. It is 
possible that a greater elevation of filtration fraction was masked by so-called 
‘vicarious’ extraction of PAH by functioning nephrons from blood which had passed 
through the glomeruli of non-functioning nephrons. 

Effect of Increased Renal Venous Pressure on Water and Sodium Excretion. In 
contrast to the lack of effect of moderate increases in venous pressure on renal plasma 
flow and filtration rate were the marked decreases in sodium and water excretion 
produced by only moderate elevation of renal venous pressure. This effect on urine 
flow (F, fig. 3) and sodium excretion (UVno, fig. 4) was observed in one of two dogs, 
25 and 25, when the venous pressure was raised to as little as 160 mm. saline. Fur- 
ther increments in venous pressure in other dogs decreased the excretion of water 
and sodium stiU more. In general the reduction of urine flow and sodium excretion 
tended to vary directly with the height of the venous pressure. Dog 13 constituted 
the only exception, the absence of significant effect on water and sodium excretion 
possibly being related to lack of parallel function between the two kidneys. 

The depression of water and sodium output was either maintained throughout 
the periods of increased venous pressure or water and sodium loss became more 
marked with time, i.e. urine flow and sodium excretion from the left kidney continued 
to decrease throughout the three successive periods of increased venous pressure. 
Dog 24 was the only exception in this respect and for no apparent reason. 

Following release of the clamp and return of the venous pressure to control 
levels the functions of the left kidney invariably returned toward control values 
although usually incompletely in the 10 to 20 minutes allotted. In no experiment 
was there a further decline in water or sodimn excretion. 

The changes in the percentages of filtered water and sodium excreted (V/Ccr, 
fig. 5 , and CNa/Ccr, fig- 6, respectively) produced by moderate increases in renal 
venous pressure are further evidence that the reduction in water and sodium excre- 
tion occurred independenty of minor fluctuations in the filtration rate. The marked 
decreases in the percentages of filtered water and sodium excreted which occurred 
when the venous pressure was raised to above 200 mm. saline also indicate that 
increased percentages of filtered water and sodium were reabsorbed. 

The complete data of a tj^ical experiment are given in table i. Elevation of 
the pressure in the left renal vein to 340 mm. saline caused no significant reduction in 
either renal plasma flow or glomerular filtration rate in the left kidney but the urine 
flow and the amount of sodium excreted fell markedly during the 27 minutes that 
the renal venous pressure was kept elevated. The figure for percentage of filtered 
sodium reabsorbed is considered accurate to within ±i per cent. Hence, during 
the time when venous pressme was elevated the difference of 3 per cent between the 
\’alues for the two kidneys in the third period indicates that there was a significant 
increase in the rate of sodium reabsorption. Since, in this e.xperiment, there was no 
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correlation between the percentage of sodium load reabsorbed and the magnitude of 
tbe load, it is concluded that the relative increase of 3 per cent in the left kidney was 
a result of the heightened pressure in the left renal vein. 




Fig. I. Eefect of increased venous pressure on renal plasma flow. No significant 
depresaon of plasma flow occurred until the venous pressure -was elevated to between 500-600 mm. 
saline. 

Fig. 2. Effect of increased venous pressure on glomerular filtration rate. No 
agnificant depression occurred with venous pressure elevated up to 350 mm. saline. Reduction in 
filtration rate did occur in 2 dogs at 550 mm. saline pressure. 


The sodium load in ii of the 13 experiments was raised above normal by the 
infusion of 1.5 or 2.0 per cent saline solution. In dog 24 the infusion was isotonic 
saline solution and in one other {dog 26) it was 10 per cent dextrose in water. In 
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these 2 dogs in which the sodium load was normal and below normal respectively 
(serum sodium was 127 mEq/ 1 . in dog 26) the percentage changes in decreased water 




Fig. 3. Efpect or incbeased venous pjeiessure on ueine plow. Depression of urine flow 
occurred in one of 2 dogs at 160 mm. saline pressure. Greater increments of venous pressure in other 
dogs further depressed urine flow. 

Fig. 4. Eipecxt of inceeased venous pressure on total sodium excreted. The results are 
comparable to those obtained on urine flow. 

and sodium excreted were comparable to those observed in the other dogs. In dog 26 
the_actual decrease in sodium excretion was, of course, much smaller. 

Glucose Tm was measured in 2 dogs and diodrast Tm simultaneously in one of 
these (table 2). In both dogs there was a decrease in urine flow during elevation of 
the venous pressure without any significant change in glucose Tm or diodrast Tm. 
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DISCUSSION 

By means of the techniques employed, it was demonstrated that elevation of the 
renal venous pressure from a mean normal of 100 mm. saline up to 340 mm. saline 




Fig. 5. Effect of increased venous fressure on percentage of filtrate excreted as 
URINE, i.e., the percentage of filtered water excreted. At venous pressures above 200 mm. saline, 
there was depression of the percentage of filtered water excreted. This indicates that an increased 
percentage of filtered water was reabsorbed. 

Fig. 6. Effect of increased venous pressure on percentage of filtered sodium 
EXCRETED. The results are comparable to those obtained on the percentage of filtered water ex- 
creted. This indicates that an increased percentage of filtered sodium was reabsorbed. 

had no significant effect on renal plasma flow or glomerular filtration rate. Mean 
arterial blood pressure also remained essentially the same throughout the course 
of each study. Hence, elevation of the pressure in the left renal vein decreased the 
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pressure gradient from renal artery to vein. The constant plasma flow in the pres- 
ence of a decreased pressure gradient implies a fall in the resistance within the renal 
circuit. Since there was no change in filtration rate or filtration fraction, the fall in 
resistance probably occurred distal to the glomerulus in the efferent arteriole 
and/or the peritubular capillary bed. 


Table i. Results obtained in dog 12, 20.5 kg. female 


PERIOD 

B 

V 

1 

CREATTKIKE j 

PAH 

1 

F.F. 

u 

P 

i 

UV/P 

u 

1 

P 

UV/P 

R 

L 

R 

B 

R 

L 

R 

L 

R 

B 

R 

L 


[ mm. sal. 

cc/min. 

1 m - % 

' tng .% 

I cc/min. 

ini 


mg. % 

cc/min. 

1 


I 

105 

1.70 

1.80 

856 

850 

27.3 

S3 

56 

i 

1 I2I 

ir 8 

I-S7 

131 

134 

.41 

.42 

2 

i “ 

2.26 

2.78 

592 

533 

27.7 

48 

54 

90 

80 

1-52 

133 

146 

•36 

• 37 

3 


2.96 

3-35 

475 

416 

28.4 

SO 

49 

76 

66 

1.46 

issi 

1 

151 

.32 

•33 

4 

340 

3-8o 

3-19 

37 S 

422 

28.6 

SO 

47 

59 

64 

1.43 

IS 6 | 

144 

•32 

•33 

5 

ii 

3-99 

2.86 

353 

472 

28.7 

49 

47 

S3 

69 

1.42 

147 

140 

•33 

•34 

6 

i( 

3-38 

1 

2.38 

350 

550 

28.8 

41 

46 

54 

78 

x. 4 r 

IJOj 

132 

•32 

•35 

7 

130 

3-56 

3.00 

00 

453 

28.9 

47 

47 

54 

66 

1 

i 1.42 

I 136 

139 

-35 

•34 

8 


3-12 

2.88 

432 

466 

29.0 

47 

46 

59 

65 

1.42 

! X31 

13 1 

•36 

•35 

9 

it 

2.27 

2.30 

CO 

to 

*0 

571 

29.6 

41 

44 

79 

81 

1.48 

122 

126 

■34 

•35 


PERIOD 

XtAPSED 

HUE 

Un» 


UV/P 

CN»/Ccr' 

PN» X Ccr* 



UEAK 

ART* 

PRESS. 

R 

L 


L 

R 

L 

R 

L 

R 


R 

B 


min. 

mEq/l. 

mEg/l. 




IxEq/min, 

uEg/min. 

% 

mm. Hg 

I 

0-10 

252 

252 

154 

2,79 

2-95 

.052 

•053 

8200 

8600 

430 

450 

95 

95 

X 4 S 

2 

10-18 

234 

234 

154 

3-44 

4-23 

.071 

.079 

7400 

8200 

530 

650 

93 

92 

U 

3 

18-29 

201 

201 

154 

3-87 

4-38 

.078 

.089 

7700 

7600 

600 

670 

92 

9 X 

it 

4 

29-39 

177 

185 

154 

4.36 

3-82 

.087 

.081 

7700 

7300 

670 

590 

9 X 

92 

X 4 S 

5 

39-47 

167 

179 

15s 

4-30 

3-31 

.088 

.070 

7600 

7300 

670 

5x0 

9 X 

93 

u 

6 

47-56 

■ 166 

182 

155 

3.62 

2.79 

.088 

.061 

6400 

7100 

560 

430 

9 X 

94 

u 

7 

56-66 

166 

176 

155 

3 - 8 i 

3-40 

.080 

.072 

7300 

7300 

590 

530 

92 

93 

140 

8 

66-74 

165 

168 

155 

3 - 3 X 

3 -ix 

.071 

.067 

7200 

7200 

520 

480 

93 

93 

(( 

9 

74-80 

165 

169 

156 

2.41 

2.50 

.058 

.056 

6400 

6900 

380 

390 

94 

94 

« 


* Percentage of filtered sodium excreted. ~ Filtered sodium (sodium load). Uncorrected 
for Donnan equilibrium. ^ Excreted sodium. * Percentage of filtered sodium reabsorbed. 
V represents urine flow; U represents urine concentration; P represents plasma concentration 2 
minutes prior to the midpoint of the urine collection period; MV '2 represents clearance. F.F. is 
filtration fraction. 

When venous pressure was raised to 550 mm. saline the renal plasma flow and 
glomerular filtration rate were reduced. In these e,xperiments the decreased resist- 
ance in the post-glomerular circuit was presumably insufficient to compensate for 
the fall in pressure gradient and the renal plasma flow decreased. The increased 
filtration fraction obsert-ed in these experiments indicated that a significant degree 
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of back pressure extended proximal to the efferent arteriole and thereby increased 
effective filtration pressure. Regardless of the exact quantitative hemodynamic 
relationships involved, it seems most probable tliat significant peritubular capillary 
congestion did occur. 

The effect obser\^ed on water and sodium excretion is in contrast to that on 
plasma flow and filtration rate. In one dog elevation of the renal venous pressure 
to only i6o mm. saline resulted in an appreciable decrease in urine flow and sodium 
excretion. With more marked increases in renal venous pressure the effect was more 
pronounced. The decreased excretion of water and sodium without concomitant 
reduction in filtration rate indicates an increased rate of water and sodium reabsorp- 


TaBI£ 2. EiTECT of increased venous pressure (V.P.) on urine FEOW (V), FILTRATION RATE 
(Co), glucose Tm (Tmo), and diodrast Tm (Tidd) 


DOG 

pritioD 

1 

LEFT BEKAL 
V.P. 

! V 

i 

1 Ccr 

Tmc 

Tmn 

R 

L 

i R 

L 

i R 

L 

R 

I. 



mm, saJ, 

ce/min. 

cc/min. 


mglmin. 

27 

I 

75 

6.51 

6.81 

49 

48 

162 

i 152 

7.0 

7-3 


2 

75 

5-98 

6.30 

47 

49 

145 

152 

7.2 

6.6 


3 

75 

5-43 

5.63 

45 

47 

134 

142 

7.4 

7-5 


4 

165 

4. 48 

4-63 

48 

46 

148 

140 

7.1 

7-3 


5 

165 

4-33 

4.38 

i 

48 

47 

145 

136 

7-4 

7.8 


6 

205 

4-30 

j 4 * 10 

46 

47 

137 

144 

7-5 

7.8 

\ 

7 

70 

3-58 

3-72 

45 

47 

142 

143 

8. 1 

7.7 


^ 1 

70 

3-73 

3-83 

47 

44 

147 

132 

7-5 

7.7 

22 

1 

1 

105 

4.35 

4-56 

56 

65 

139 

179 



\ 

2 

loS 

4.44 

4.68 

56 

63 

152 

i6s 




3 

105 

4.09 

4.38 

1 56 

63 

145 

136 




1 

4 

215 

3.60 

3-55 

55 

61 

142 

175 




5 

215 

3-20 

3.16 

53 

55 

124 

133 




6 

105 

2.75 

2.gi 

50 

53 

122 

129 




7 

los 

2. 71 

2.88 

52 

1 

52 

136 

128 




tion. The minor fluctuations encountered in measured filtration rate may be the 
result of certain technical shortcomings and/or possibly variability in the number 
of functioning nephrons. To minimize the influence of these minor fluctuations on 
the observed changes in sodium excretion the sodium to creatinine clearance ratio 
has been calculated for each urine-collection period. Water excretion has been 
handled similarly. The values for these ratios (V / Ccr and Cno/ C cr, the percent- 
ages of filtered water and sodium excreted respectively) were also decreased by in- 
creased venous pressure, thus indicating again an increase in the percentages of 
filtered water and sodium reabsorbed. It might be worthwhile to point out that 
although small percentile changes in filtration rate may cause greater percentile 
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changes in UVno and hence influence Cjia/Ccr, this explanation cannot be invoked 
to invalidate the interpretation of the results. It is apparent from figure 2 that 
during the periods of increased venous pressure the filtration rate in the left kidney 
was greater than that in the right as often as it was smaller. Nevertheless, with one 
exception, there always was observed a decrease in urine volume and excreted sodium. 
It seems highly mlikely that the consistent decreases in urine volume and excreted 
sodium in the left kidney can be ascribed to a decrease in the glomerular filtration rate. 

In general, the diminution in sodium and water excreted was progressive with 
time and was related to the height to which the pressure in the renal vein was raised. 
In only one dog did a return toward the control values occur prior to returning the 
venous pressure to the control level. In no experiment was renal venous pressure 
kept up for more than 52 minutes. Therefore, it is impossible to say whether or 
not chronic elevation of the venous pressure would lead to chronic retention of water 
and sodium and other possible secondary effects such as decreased renal plasma flow 
and glomerular filtration rate. But, regardless of what happens to renal plasma 
flow and glomerular filtration rate and regardless of the mechanism involved in the 
decreased excretion of sodium, the important fact remains that under the stated 
conditions the increased venous pressure did cause a significant retention of water 
and sodium. 

The mechanism involved in the increased reabsorption of water and sodium as a 
result of increased renal venous pressure is not apparent. The effect was immediate 
and local, i.e. limited to the kidney in which the venous pressure was raised. This 
seems to eliminate as a cause any humoral or central reflex mechanism. It seems 
probable that the effect was mechanical rather than due to any specific alteration 
of the intrinsic physiology of the tubular cells. The lack of change in glucose Tm 
or diodrast Tm tends to support this conclusion. There is no definitive evidence to 
indicate whether the increased reabsorption of water was independent of or dependent 
on the increased reabsorption of sodium or vice versa. It is possible that the peri- 
tubular capillary congestion was responsible for the increased water and sodium 
reabsorption either by partially obstructing the flow of urine through the tubules 
or by increasing the time and capillary surface area available for transfer of water 
and sodiiun. 

It is impossible to say whether or not the results obtained in acute experiments 
on anesthetized dogs have any bearing on the pathogenesis of edema in clinical cardiac 
failure. Certainly the increase in renal venous pressure necessary in our studies to 
produce a decrease in sodium and water excretion is well within the range of venous 
pressures found in frank cardiac failure or even before frank cardiac failure, during 
e.xertion. Hence, the rise of venous pressure occurring in cardiac failure may very 
well be a factor contributing to the formation of edema in cardiac failure. The pos- 
sible role played by the increase in venous pressure in the formation of cardiac edema 
does not detract from the role played by the reduction in renal blood flow and filtra- 
tion rate in the e.xcretion of water and sodium. However, the factor of decreased 
renal blood flow and glomerular filtration rate (10, ii) has been claimed to be respon- 
sible for the decreased excretion of sodium and water in cardiac failure, although the 
retention of sodium and water can be explained in our experiments on the basis of 
increased renal venous pressure alone. In terms of the Starling law of the heart. 
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the reduction in cardiac output occurs later in the development of cardiac failure than 
the increase in right ventricular pressure. In other words, the cardiac output is 
maintained at a normal level, everything else being equal, because tlie heart contains 
more residual blood at the end of diastole. One may wonder if tlie increase in the 
intraventricular pressure does not lead ultimately to an increase of the renal venous 
pressure before a decrease in cardiac output occurs. 

In short, it is probable that reduction in renal blood flow and filtration rate as 
well as the increase in renal venous pressure plays a role in the formation of the edema 
of cardiac failure. However, the causal and temporal relationship of these two 
factors in the formation of cardiac edema and their relative importance remain 
imcertain. 


STOTMARY 

The effect of increased renal venous pressure on renal function was studied in 
anesthetized dogs by means of clearance techniques. Renal fxmetion was measured 
separately and simultaneously in the two kidneys but the pressure was raised in the 
left renal vein only, by means of a specially designed clamp. Venous pressure w'as 
measured with a saline manometer through a venous catheter w’hich had been passed 
into the left renal vein. Control values for the functions of the left kidney were 
obtained before and after elevation of venous pressure and w’ere comparable to con- 
trols obtained from the right kidney. Under the stated conditions moderate eleva- 
tion of the left renal venous pressure up to 350 mm. saline caused in that kidney a 
significant decrease in water and sodium excretion without any change in the renal 
plasma flow, glomerular filtration rate, glucose Tm or diodrast Tm. The reduction 
in water and sodium excretion was due to an increase in the reabsorption rate of these 
substances by the renal tubule cells. This effect also occurred when the sodium load 
was low, for example in one experiment in which the senun sodium was 127 MEq/ 1 . 
Greater elevation of venous pressure to 550 mm. saline decreased renal blood flow and 
filtration rate, but the results were not sufficient to state whether filtration fraction 
was significantly altered. 

The mechanism for the increased reabsorption of sodium and water ascribed to 
increased venous pressure was not obvious. It was local, i.e. confined to the kidney 
in which the venous pressure was raised and consequently w^as not related to release 
of pituitary, adrenal and hepatic hormones. It probably was mechanical rather 
than the result of any alteration in specific metabolic processes of the tubular cells 
since there were no associated changes in glucose Tm or diodrast Tm. Some of the 
implications of these results with respect to the pathogenesis of edema in cardiac 
failure have been discussed. 
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REABSOKPTION OF CREATINE AND GUANIDOACETIC ACID 

BY THE RENAL TUBULES^ 


E. A. H. SIMS AND D. W. SELDIN 
From ihe Depariment of Internal Medicine, Yale University School of Medicine 

NEW HAVEN, CONNECriCDT 

I T HAS been well established that creatine is formed in experimental animals 
(t, 2) and in human beings (3) by the methylationof guanidoaceticacid (glycocya- 
mine). In vitro tissue experiments have indicated that the kidney is the pre- 
dominant site of synthesis of guanidoacetic acid from arginine and glycine (4). Since 
its detection in normal human urine by Weber in 1935 (5) guanidoacetic acid has been 
consistently found in the urine of adults and children in quantities ranging from 30 
to 150 mg. per day. This is in contrast to creatine, which is normally not detectable 
in the urine of normal adult males or in the majority of females (6). Since the liver 
is the most likely site of the methylation of guanidoacetic acid, the tolerance to in- 
jected and ingested guanidoacetic acid has been studied in liver disease (7-9). On 
the basis of preliminary observations it appeared that the ratio of endogenous urinary 
guanidoacetic acid to total creatinine was elevated in cirrhosis (8). During recent 
studies on creatine metabolism (3) it was found that the administration of creatine 
orally'or intravenously produced a striking increase in guanidoacetic acid excretion. 
This suggested either an inhibition of guanidoacetic acid methylation under such con- 
ditions or a competition by guanidoacetic acid and creatine for renal tubular reab- 
sorption. Recent studies have made the former possibility less likely (25, 10). 
Two conditions would have to be satisfied in order to substantiate the latter hj'pothe- 
sis: j) a fall in the serum concentration of endogenous guanidoacetic acid during the 
administration of creatine, and 2) the demonstration by clearance techniques that the 
renal tubular reabsorption of guanidoacetic acid was blocked. Both of these criteria 
were fulfilled in the following studies. 

EXPERIMENTAL 

Anatylical Methods. All analyses were in duplicate. Guanidoacetic acid (GAA) was de- 
termined by the method of Hoberman (ir). Arginase was prepared and activated with cobalt 
according to the method of Hunter (12). Portions were store at —40° C and thawed shortly before 
use, since a lyophylized preparation was found to lose potency rapidly. Four standards were run 
with each set of determinations. Since the Sakaguchi color from serum diab'sates remains con- 
stant while that from standard solutions fades on warming to room temperature, readings were made 
at a constant interval after the addition of hypobromite. The reliability of the method was in- 
creased by sealing the margins of the dialysing membrane with a plastic cement and by extracting 
each 5 cc. of dialysate with 0.5 cc. of water-saturated chloroform to remove any traces of protein. 
Creatine produces a faint Sakaguchi reaction. Twenty mg. of creatine gave color equivalent to i 
mg. of GAA in all dilutions, and corrections were made on this basis. All urines were extracted 
with chloroform and in certain instances, noted in the table, were incubated with arginase. The 
method was found to be accurate to 5 per cent. 

Received for publication December 28, 1948. 
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Creatinine and creatine were determined by the method of Peters (13). To minimize the 
error introduced by the progressive darkening of tlie JalTe color from serum filtrates, readings were 
made at a fixed 20-minute interval after addition of alkaline picrate. Since color from both pre- 
formed and total creatinine increases proportionallj', the error in creatine determination was minimal 
from this source. Under the conditions of the present method and of the original Folin method, 
GAA is partially converted to glycocyamidine, which also give the Jaffe color. When GAA is added 
to standard solutions or to urine in the present method, 6 to 7 mg. of GAA are found to be equivalent 
in color production to one mg. of creatine. The exact ratio varies with the duration of autoclaving. 
In serum filtrates, however, the color production from GAA varies with the final acidity of the parti- 
cular filtrate. It was found that this variation could be avoided by adding 0.5 cc. of in HCl to 
32 cc. of the serum filtrates. In order to control each set of determinations, 7.5, 15, and 30 gamma of 
GAA were added before autoclaving to the filtrates from a urine and a serum sample obtained at the 
start of the experiment. In this manner a correction curve was established. Thymol was added 
to all urines as preservative. Analyses were done with a minimum of delay to avoid spontaneous 
conversion of creatine to creatinine and any bacterial destruction of creatinine. The creatinine 
determination is accurate to 5 per cent or better, while the error in determining creatine is somewhat 
larger, since it is estimated by difference. 

Mannitol was determined by the method of Elkinton (14), the standard error of which is ±1.2 
mg. per cent for serum and ±S8 mg. per cent for urine. Fresh yeast was used in each 
set of determinations. 

Plan of Experiments. The authors served as subjects. Experiments were run 
4 to 5 hours following a creatine-free meal. 250 to 350 cc. of water per hour were in- 
gested for 5 hours prior to and during the period of observation to obtain a urine flow 
of 6 to 10 cc. per minute. The subjects were not catheterized, but urine collections 
were delayed until a volume of over 350 cc. was obtained to minimize the effect of 
residual urine. The subject was kept reclining with feet horizontal, and one hour 
was allowed for glomerular filtration to reach a constant rate. 100 cc. of 25 per cent 
mannitol solution was then injected, and 35 to 40 minutes later, after equilibrium was 
established, the glomerular filtration rate was measured, .^nother intravenous in- 
jection of mannitol was given before each subsequent period to obtain comparable 
serum levels. During the majority of these periods, as indicated in table i, constant 
infusions of GAA and creatine in physiological saline were given. The rate of infu- 
sion was precisely controlled at 480 cc. per hour by means of a tunnel clamp. These 
infusions were preceded by suitable booster doses given at the time of the mannitol 
injections. Venous blood samples were drawn with a Cournand needle at the be- 
ginning and end of each urine collection period. Before veni-puncture the forearm 
and hand were immersed in hot water to avoid the necessity for arterial punctures. 

Calculations. Glomerular filtration rates of both mamiitol and endogenous cre- 
atinine were calculated in the conventional manner from the mathematical mean of 
the serum concentrations bracketing each period and the urinary excretion. Values 
were not corrected for surface area. The amount of creatine or of GAA filtered has 
been calculated as the product of the mean concentration in mg. per cc. of senun mul- 
tiplied by the mannitol clearance in cc. per hour. The amount reabsorbed by the 
tubules is the differences between this value and the excretion per hour. 

RESULTS 

Analytical data are given in table i. 

Experiments i and 2 show the effect on normal GAA e.xcretion of increasing the 
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amount of creatine filtered from 20 mg. per hour to 123 and 54 rag. respectively. 
Even at rates of filtration only slightly higher than that necessarj’’ to produce cre- 
atinuria the excretion of GAA increased and its tubular reabsorption decreased. At 
the same time the serum level of GAA fell 0.02 mg. per cent. This fall is consistent 


Table i. Efeect of infusions of creatine and guanido acetic acid on guantdoacetic acid 

TUBULAR REABSORPTION 


EXPEE- 

EUBJECX 

1 

1 

IKjECnON j 

OWMERULAR 

FILTRATION 

RATE 

COANIDOACETIC ACffit 

CKEATnmt 

IMEKT 

B 

GAA^ 

Man- 

nitol 

Creat- 

inine 

! Scrum 
cone. 

Fit- 

tered 

Ex- 

creted 

1 

Reab- 

sorbed 



Ex- 

cre- 

ted 

Reab- 

sorbed 




gmlhr. 

gmlhr. 

Cc/fBlIJ. 

mg. 


mg/kr. 




mg/kr. 

I 

EAHS ■ 
wt., 63.5 kg. 

0 

0 

1 

107 

103 

0.23 

14.8 

3-5 

II -3 

0.32 

20.5 

0 

20.5 


ht, 72.5 in. 

0.25 

0 

100 

1 

106 1 

i 

0,21 

12.6 

6.9* 

5-7 

2.0s 

123.0 

29.6 

' 93-4 

2 

DWS 

wt., 66.0 kg. 

0 

0 

91 

83 

0.20 

■ 

2.4 

8.6 

0.38 

20.7 

0 

20,7 

j 

ht., 72.0 in. 

0.25 

0 

78 

1 

95 

0. iS 

1 

8.4 

3.6 

1 

4.9 

I -IS 

54.0 

5.8 

48.2 

3 

EAHS 

0 

0 

119 

121 

0.24 


m 

12. s 

0.45 

32.0 

0 

32.0 



0 

0.25 

100 

119 

0.96 


By 

29.8 

0.41; 

24.6 

0 

24.6 



0-S 

0.25 

96 

13 1 

0.53 


In 

3-4 

0.90 

S2.o| 

5-4 

46.6 

4 

EAHS 

0.075 

0 


132 

0.22 

13-4 

3.9 

11.6 

0.60 

|H 

0 

m 



0.07s 

o.iS 

m 

112 

0.83 

45.2 

21.9 

23-3 

0.57 

EE 

0 


5 

DWS 

0.25 

0 

lOI 

93 

0.16 

9-7 

3-3 

6.4 

1.44 

88.6 

II. 7 

1 

76.9 



0.25 

0.27s 

99 

92 

0.98 

58.2 

61.0 

-2.8’ 

1.42 

84.4 

15-6 

68.8 

6 

DWS 

0.2s 

0 

103 

85 

0.23 

14.2 

• 3-1 

11 . I 

1.22 

75-4 

10.3 

65.1 



0.25 

0.7s 

105 

95 

2.61 

165.0 

158.0* 

7.0 

1. 16 

73-1 

14.0 

S 9 -I 

7 

EAHS 

0 

o-S 

121 

lOI 

1-95 


m 

50.0 







0 

i-S 

no 

107 

6.71 


■ 

203.0 






’ Guanidoacetic acid and creatine filtration rates were calculated on the basis of the mannitol 
clearances. The results would not vary significantly were creatinine clearances used. 

2 Cr = creatine; GA.A = guanidoacetic acid. Infusions (preceded by boosters) were given 
at a constant rate in the amounts indicated, yielding constant serum levels. 

® This negative value is considered within the error of the methods, and is not interpreted as 
indicating tubular secretion of GAA. 

No arginine could be detected on incubation with arginase. 

in magnitude and direction with the reduction predicted from the increased excretion, 
if it is assumed that GAA is distributed uniformly throughout the body water. 

In experiment j GAA was first infused in an amount sufficient to double its tubu- 
lar reabsorption, and subsequently creatine was administered. When the creatine 
load was thus increased, the reabsorption of GAA fell to half its initial value. Expert- 
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inenl 4 serves as a control observation illustrating that when no creatinuira existed an 
increase in GAA filtered still increased its reabsorption. 

In experiments 5 and 6 GAA was injected in an efltort to inhibit the reabsorption 
of creatine by the tubules. There was a moderate creatinuria of 14 to 15,6 mg. per 
hour in the initial periods, following which the quantity of GAA filtered was raised 
four-fold and ten-fold (from 9.7 mg/hour to 58,2, and from 14.2 to 165 mg/hour 
respectively). A moderate increase in creatinuria was found, together with a reduc- 
tion in tubular reabsorption, but since tubular reabsorption of GAA was also re- 
duced, the results are regarded as inconclusive. 

In experiment 7 the reabsorption of GAA at a relatively high serum level (6.7 mg. 
%) increased roughly in proportion to the amount filtered. 


Tabie 2. Urinary excretion of guantoo acetic acid and creatine in normal subjects and 

PATIENTS WITH VARIOUS DISEASES 


SUBJECT 

SEX 

1 

DIAGNOSIS 

GUANIDOACETIC 

Acmi 

CEEATINE» 

ES 

M 

Normal male 

68 

0 

DS 

M 

U (t 

41 

0 

EH 

M 

tt U 

66 

0 

AS 

M 

a (( 

52 

0 

BS 

M 

n a 

62 

0 

JT 

M 1 

Hepatitis 

72 

0 

AR 

M 

Advanced cirrhosis 

61 

0 

WB 

M - 

Myotonia atrophica 

32 

0 

DW 

M 

Addison’s disease 

55 

0 

MN 

F 

Ovarian agenesis 

100 

40 

FS 

F 

Normal female 

69 

46 

ED 

M 

Thjrrotoxicosis 

83 

53 

TC 

M 

Myotonia atrophica 

31 

55 

EE 

M 

Advanced cirrhosis 

192 

68 

CB 

F 

Secondary sj^ihilis 

141 

129 

JM 

M 

Myotonia atrophica 

93 

140 

AE 

F 

Thyrotoxicosis 

255 

300 

MC 

F 

a 

145 

358 


’ Expressed as mg/gm. of creatinine. 


From the results above it w’^ould be expected that creatinuria from any cause 
should be accompanied by a high level of GAA excretion. In table 2 are summarized 
the results of analysis of urine from normal subjects and from hospital patients with 
various diseases. Urine from subjects with proteinuria was extracted with chloro- 
form before analysis for GAA. In order to reduce them to comparable terms, the 
values for GAA and creatine are expressed as mg/ gm. of creatinine excreted. The 
data are arranged in order of increasing creatinuria, and the expected correlation is 
evident from the figures. Three of the subjects, {FS, ED, and TC) do show’- low GAA 
excretion in the face of small amounts of creatine, which, how'ever, may merely repre- 
sent brief post-prandial creatinurias during the course of the urine collections. One 
subject with advanced cirrhosis, w'hose condition progressively deteriorated, shows an 
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excretion of GAA out of proportion to the slight creatinuria, which may indicate an 
impairment of methylation of GAA. 

DISCUSSION' 

The relationship between the quantities of GAA and of creatine filtered to those 
reabsorbed is shown in figure i, in which data from table i liave been plotted. It is 
apparent from tlie figure that a smaller percentage of filtered GAA than of creatine is 
reabsorbed at all levels of filtration. This relative difference is more marked at 
higher levels of filtration. It has been possible by increasing creatine filtration within 
physiological limits to demonstrate a blocking effect upon the tubular reabsorption 
of GAA. It was not possible, however, to demonstrate the reverse effect, namely in- 
hibition of creatine reabsorption by increase in GAA filtration. This is not surpris- 
ing for two reasons. First, it is clear from a consideration of figure i that the reab- 
sorptive mechanism shows less affinity for GAA than for creatine. Secondly, GAA 


Fig. I. Relation between 

QUANTITV riLTERED AND TUBtFLAR 
BEABSORPTiON of CTcatine and 
guanidoacetic add. Cirdes repre- 
sent creatine and triangles guanido- 
acetic add. Hollow symbols are 
from subject and solid 

from EAHS. The experiments 
were performed over a period of 
3 months. 


is always present in the urine while creatine is not found in detectable amounts, at 
least in adult males and in the majority of females, despite the fact that they are 
filtered in comparable amounts. 

It is apparent from the figure that in the case of both substances, at all levels of 
filtration studied, less is reabsorbed than is filtered. Hence there is no evidence that 
either substance is excreted by tubular secretion. As the filtration of each substance 
increases, the quantity reabsorbed also increases, although at a diminished rate. In 
the case of creatine this is consistent with the finding of Zierler (15) that in normal 
subjects it has not been possible definitely to demonstrate a value for maximal tubular 
reabsorption of creatine even when serum levels are raised to 35 mg. per cent. The 
maximal tubular reabsorption of GAA, if such exists, has not been explored because 
of the magnification of error involved in estimating tubular reabsorption by difference 
at high levels of filtration. The constancy of the reabsorptive mechanism for the 
two substances is shown by the fact that values from both subjects fall on the same 
lines. 
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In calculating tubular reabsorption glomerular filtration rates were determined 
by mannitol Evidence has recently been obtained from simultaneous determinations 
that mannitol clearances are from 0.87 (16) to 0.9 (17) smaller than inulin clearances. 
Were this substantiated, the absolute values for tubular reabsorption given in table i 
would be proportionally low. Since mannitol clearances are presumably proportional 
to actual changes in glomerular filtration rate, however, the relative changes are 
unaffected. 

Evidence has been advanced suggesting that substances other than GAA compete 
with creatine for a common tubular transport system. Pitts has presented data 
which suggest a blocking of the tubular reabsorption of creatine by glycine (18), by 
alanine and to a lesser extent by glutamic acid (19). By similar methods glycine was 
shown to block reabsorption of arginine, but competition was not demonstrated be- 
tween arginine and creatine. He has proposed a common renal mechanism for tubu- 
lar reabsorption of the five substances. The results are not entirely conclusive be- 
cause extremely high rates of filtration and secretion of creatine were employed. 
Deductions were thus based on changes that are close to the limits of the methods in 
the relatively small amounts of creatine reabsorbed. In addition, Beyer (20) has 
pointed out the drawbacks in such studies of using non-specific methods for the de- 
termination of amino acids. If the substances do share a common reabsorptive 
mechanism, it would be expected from the present studies that the amino acids would 
block GAA reabsorption. Evidence is as yet lacking on this point, except for the 
observation of Borsook (21) that GAA excretion increases following the ingestion of 
glycine or arginine or both, with a fall in place of the rise in serum GAA concentration 
that would be expected, if the increased excretion were solely the result of increased 
synthesis. 

Thyroxine and desoxycorticosterone acetate have recently been shown to reduce 
the maximal tubular reabsorption of creatine in hypothyroid subjects (22). Since 
GAA is normally reabsorbed with less facility than creatine, similar changes in its 
excretion might be expected from these agents. Bodansky (23) found high levels of 
excretion of GAA in hyperthyroidism, but from the values tabulated above, it seems 
likely that this effect was secondary to creatinuria. That the increase in GAA excre- 
tion seen in man during ingestion of methyl testosterone does reflect increased syn- 
thesis is evident, first, from isotope studies (24) and, secondly, from the fact that the 
serum level of GAA rises before that of creatine (25). 

The mechanism of the renal tubular reabsorption of creatine and of GAA is 
obscure. In viiro phosphorylation of added creatine’ with rat kidney homogenates 
has been demonstrated by Potter (26) and it is possible that creatine is phos- 
phorylated by the tubular ceU on reabsorption. But no such evidence exists to sug- 
gest that glycocyamine phosphate may be formed during reabsorption of guanidoace- 
tic acid. Experiments are in progress to determine the effect of compounds other 
than creatine on this reabsorptive system. 

In view of the magnitude of the increase in GAA excretion following the induc- 
tion of a slight creatinuria, it is apparent that GAA tolerance tests must be controlled 
by simultaneous measurement of its renal excretion. Likewise, it is apparent that the 
relative or absolute level of GAA e.xcretion cannot be taken as an index of the rate of 
its endogenous synthesis or of its methylation. 
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STOUIARY 

In normal males it was found that elevation of serum creatine within physio- 
logical limits increased the excretion of guanidoacetic acid and reduced its renal 
tubular reabsorption, botli at endogenous and at elevated serum levels. The reverse 
effect could not be conclusively demonstrated. Increases in renal excretion of guani- 
doacetic acid may be a reflection of creatinuria rather than of change in the rate of 
guanidoacetic acid sjmthesis or methylation. 
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ROLE OF THE KIONEV IN PA'J'HO GENESIS OF IR'PERTEN- 
SION AS OETER^^IINED BY A Sl'UDY OF 'I'HE EFFECTS 
OF BILATERAL NEPimECTOMV :\ND OITTER EXPER- 
IMEN'PAL PROCEDURES ON THE BLOOD PRESSURE OF 
THE DOG 

ARTHUR GROLLMAN, E. E. MUIRHEAI) and JOHN VANATTA* 

Prov: She Dtparhr.tvAs of I^x.pcrhnfr.lal Mtdidr.c ar.d PalPphipy, the SouUrxeslerit 

Medicisl CoUepe 


DA1.T-\S, TEXAS 

O NE of the difficulties involved in determining experimentally the exact r6lc 
%vl\ich the kidney plays in the pathogenesis of hypertension has been the 
impossibility of ablating tins organ without introducing the fatal effects of 
interfering with its normal cxcretoiy’ function. For this reason, it lias been impossible 
to apply the simple experimental procedure of extirpation which has aided so much in 
the elucidation of the function of other organs. It is, in fact, generally assumed that 
bilateral nephrectomy causes no change in the blood pre.ssure. However, animals 
subjected to this procedure in the past have sur\-ivcd for such relatively short periods 
and were in such poor condition that any conclusion as to the effect of nephrectomy 
on the blood pressure based on observations of such animals is not convincing. 

Indircci siudics designed lo elucidate Uiis problem, such ns Uic tffeev of unilateral or bilateral 
nephrectomy in the lij-pcrtcnsivc animal (i) or in the parabiotic rat (2), have indicated that nephrec- 
tomy results in an elevation in blood pressure and that the presence of intact kidneys is essential for 
maintaining the normolcnsivc stale (3). In tlic present study, it has been possible to maintain 
bilatcmlly ncphrcctomizcd dogs in a .state of good health for a longer period than has hitlicrto been 
possible. To determine the clTcci of the presence of renal tissue incapable of exerting any excretory' 
function on the blood prcs.surc, animals with one ureter ligated or impl.intcd into the small intestine 
or abdominal vena cava and the contralateral kidney removed and fliosc with bilaterally’ ligated 
ureters were studied. Observations on the blood pressure in these animals permit one to draw certain 
definite conclusions as to the r 61 c of the kidney in the pathogcnc.sis of hyirertension and indicate tlmt 
the kidney, aside from its c.xcrctory function, is responsible for the maintenance of a normal blood- 
pressure level. 


METHODS 

Adult mongrel dogs of cither sex were used throughout Uiis study. Nephrectomy 
was performed under ether anesthesia cither in two stages with an interval of a week 
or more between the two operations or at one operation. In the former case, a lumbar 
approach was used; in the latter, the abdominal transperitoneal route was utilized. 
The former procedure involves much less operative shock and is preferred if adequate 
facilities are available for housing the animals in the inten^al between the operations. 
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In another group of dogs, the right ureter was freed from its accompanying blood 
vessels, ligated in close proximity to its entrance into the bladder, and cut. The 
ligated end proximal to the bladder was buried by fine sutures into the serosal lining of 
the bladder. The open end was transfixed with three sutures which were then passed 
through an opening into the small bowel and an uretero-intestinal anastomosis per- 
formed by the usual surgical procedures. This is essentially the Coffey operation as 
performed on the human subject- except for the fact that the implantation is made 
into the sihall intestine from which the urine is resorbed. 

In a comparable series of animals the right ureter was implanted into the abdom- 
inal vena cava and the left kidney ablated. Approach to the vena cava was either 
through a circular incision across the upper abdominal wall or preferably through a 
right rectus incision. After exposing the vena cava a segment was isolated between 
clamps, the ureter prepared as described in the preceding paragraph, and anastomosed 
to an opening made in the vena cava. After an interval of one 'to 3 weeks to allow 
union at the site of the anastomosis, the contralateral kidney was removed through a 
lumbar incision. 

In the fourth series of animals, both ureters were doubly ligated and divided or 
the right ureter ligated and divided, and after a period of at least two weeks, the left 
kidney was ablated. 

Mean blood pressures were determined by direct puncture of the femoral artery 
with a No. 18-gauge needle attached through a 3-way valve to a syringe and to a 
mercury manometer (i). 

Two procedures have been utilized for abolishing uremia and prolonging life of 
the animals prepared as described above. Prolongation of life for several days beyond 
that normally observed in the absence of renal excretory function was made possible 
by feeding the animals a diet practically free of electrolytes. Such a diet was pre- 
pared either by dialysis of the animals’ normal food or by feeding a mixture of casein 
with a very low sodium content^ to which was added glucose and lard. Animals 
maintained on such diets remainin much better health following bilateral nephrectomy 
and survive longer than do those on a free diet. We have observed that the intensity 
of many of the symptoms observed in the nephrectomized animal, as well as in the 
human patient dying in uremia, is apparently due to the accumulation of ingested 
electrolytes (particularly potassium) for it is greatly mitigated if electrolytes are 
excluded from the diet. 

The survival period of the nephrectomized dog varies usually between 2 and 7 
days, depending on the original state of health of the animal, the operative procedure, 
conditions under which the animal is kept etc. Under the conditions of our experi- 
ments, survival extended from 2 to 5 days. However, when the animals were given 
a ‘salt-free’ diet, as described above, survival was extended to at least 5 days and 
usually longer. To maintain animals with no renal function beyond this time re- 
quired the application of an ‘artificial kidney’ to remove the accumulated urea and 

- We are indebted to Dr. Carl Moyer for demonstrating this operation to us and performing it 
on dog 73. 

^ Liberal supplies of this casein were supplied by Mead-Johnson and Company through the 
courtesy of Dr. Charles Bills. 
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otlier waste products from the body and to maintain normal water, electrolyte and 
add-base equilibria. 

The use of the artificial kidney has been described elsewhere (4). Its successful 
application made it possible to prolong the life of bilaterally nephrectomized dogs or 
dogs otherwise deprived of renal excretory function for periods sufficiently long to 
permit one to draw definite conclusions as to the role of the kidney in the pathogenesis 
of hypertension. It was necessary to apply the artificial kidney on the 5 th or 6 th day 
following exclusion of renal excretory function and at intervals of 3 or 4 days there- 
after. The femoral artery was ligated and the blood, after passing through the 
‘artificial kidney’, returned to the femoral vein. A period of dialysis of 2| to 3 hours 
was usually required to lower the urea content of the blood from 470 to 600 to less 
than 100 mg. per cent. 


RESULTS 

EJfccl of Bilateral Nephrectomy. In table i are given the mean blood pressures 
of 38 dogs following bilateral nephrectomy. It is evident from the results that fol- 
lowing removal of the kidneys there is a tendency for the blood pressure to rise. 
This rise is evident on the third day following nephrectomy and increases thereafter 
as long as the animal survives. In ten instances (dogs 35, jp, 54, 70, 75, yd, 84, 86, 8g, 
pj, and p6) values of 150 mm. Hg, which is usually taken as definite evidence of hyper- 
tension in the dog, were not attained. However, even in the case of these animals 
there is in every case but one (dog 35) a tendency for the blood pressure to rise above 
the preoperative level. The average mean blood pressure as seen in the last line of 
of table 1 rises gradually over the preoperative level as survival is extended. 

Microscopic study of the tissues of the nephrectomized animals revealed (5) 
widespread cardiac damage — subendocardial hemorrhages, myocardial necrosis etc. — 
which would tend to prevent a sustained maximal rise in blood pressure. This 
is comparable to the decline in blood pressure observed in human hypertensives 
suffering from cardiac failure. The changes in the heart account probably for the 
obser\^ed rises being less pronounced than they might otherwise be. 

The general trend of the blood pressure rise in the nephrectomized dog is shonm 
graphically in figure i in which data on 5 dogs are reproduced to show the gradual rise 
and extent of the blood pressure rise which follows nephrectomy. 

Effect of Bilateral Ureteral Ligation. In table 2 are recorded the blood pressure 
responses of 12 dogs in which both ureters were ligated and divided, the kidney being 
left intact. This operation, in accord with the findings of earher observers (6-10), 
results in a rise in blood pressure which is sometimes evident on the day following the 
ligation and reached its maximum (with the single exception of dog 23) on the fourth 
day, declining thereafter to the normal level. This secondary decline has been over- 
looked by previous workers since their animals failed to survive for a period 
sufficiently long for it to manifest itself. 

Ligation of the ureters results in hydronephrosis and marked changes in the kid- 
neys as well as in a period of survival which is less than that observed following ne- 
phrectomy. The observed rise in blood pressure is apparently due to the liberation 
of a pressor agent from the injured kidney for a similar rise is noted even when only 
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Table i. Effect of bilateral nephrectomy on the mean blood pressure of the dog 
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being left intact. Except in dog SS, which remained hypertensive during the 3 
months it survived the operation, the blood pressure in the other animals returned 
to its normal preoperative level and remained so. In the case of dog SS, we are pre- 
sumabl}'^ dealing with the occasional animal in which unilateral nephrectomy, uni- 
lateral application of a figure-of-eight ligature, or other interference with renal 


Fig. I. Mean blood pkes- 
SDEE in mm. Hg of 5 dogs following 
bilateral nepbrectoniy. The ani- 
mals were attached to the ‘artificial 
kidney’ for a period of 3 hours on 
the sth day following nephrectomy. 



Table 2. Epfecx of ligating and dividing both ureters on the mean blood pressure oe 

THE DOG 


DOG 

PREOPERA- 

TIVEtV 

DAYS rOlXOWlNG OPERATION 

1 

2 

3 

n 

5 

6 

7 


120 

155 

170 







5 F 

lOS 

120 

145 

ISO 






37 

120 


150 

160 

155 





49 

120 

120 

140 

I 4 S 

180 





41 

no 


125 

150 

175 

150 




27 

no 


no 


230 

145' 


120 


43 

no 

120 

130 

135 

150 

no' 


no 


45 

IIS 

no 

140 


150 

130 


no 


46 

120 

120 

150 


160 

130? 

no 

95 

23 

120 




135 T 

130 


160 

200 

jr 

IIS 




17s 

ISO? 

125 

130 

100 

120 




120 

no 



100 


8 


190 

120 

100 


9 12 


r 


120 

Iiof 


120 


Arrows indicate time when animal was attached to ‘artificial kidney’ for a period of 2 to 3 
hours. Mean blood pressures in mm. Hg. 


function as by ligation of the ureter suffices to induce permanent hypertension with- 
out removing the contralateral kidney as is usually necessary (i, ii). 

Bilateral ureteral ligation not only stops the excretory activity of the kidney but 
also interferes with its blood supply because of pressure on the renal pelvis. There 
is congestion of the kidney, hydronephrosis and often perirenal hemorrhage. Never- 
theless, certain activities of the kidney are apparently still preserved, for example, 
its glycogenic function (12) and presumably its capacity to maintain a normal blood 
pressure after subsidence of the acute rise which follows this operation. 
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In order to avoid the changes induced by ureteral ligation, the following observa- 
tions in which the ureter was implanted into the gut or vena cava were performed. 

of Implanting the Right Ureter in Small Intestine and Ablating Left Kidney. 
As a control for the experiments cited in which both kidneys were removed, the right 
ureter was implanted into the duodenum or jejunum and several weeks later the left 
kidne}'^ was removed. The blood pressures of such animals as shown in Table 4 does 
not become elevated when the animals survive (by the aid of the artificial kidney), 
as in the case of dog 77, for as long as a month. The blood urea levels of such animals 
rise essentially to the same levels as those observed in bilaterally nephrectomized dogs 
as is evident from the data of table 5. 


Table 3. Effect of ligating and diwding one ureter, the other kidney and ureter 

REMAINING INTACT, ON THE BLOOD PRESSURE OF THE DOG 


DOG 

PREOPERATTVE 

LEVEL 

i 

DAYS rOLLOWTKG OPERATIOK 

1 

2 

3 

4 

S 

6 

7 

8 

9 

10 

90 

120 

j 120 

130 

140 

150 

165 

160 

ISO 

140 

13s 

120 

85 

90 

100 

loS 

no 

I2S 

90 

90 

90 

ss 

90 

90 

83 

no 

no 

120 

X40 

155 

ISO 

140 

120 

no 

no 

no 

S8 \ 

IIS 

135 

135 

140 

130 

125 

140 

14s 

ISO 

I 4 S 

ISO 

91 

IIS 

135 

130 

135 

125 

145 

140 

13s 

130 

120 

no 

92 

loS 

115 

130 

13s 

125 

no 

IIS 

no 

no 

los 

100 


Mean blood pressure in mm. Hg. 


Table 4. Effect of implanting right ureter into the small intestine and removing 

LEFT KIDNEY ON MEAN BLOOD PRESSURE OF THE DOG 


DOG 

PRIOR TO 
NEPHREC- 

DAYS FOLLOWING NEPHRECTOiTY 

TOltY 

1 

2 


1 " I 

5 

c 

7 

8 

9 

10 

11 

12 

IS 

30 

121 

no 

no 

! 

100 

0 

H 

M 

100 










124 

120 




13s 

ISO 










126 

no 

no 


no 

120 




no 

100 


90 




123 

los 

no 

no 

100 

100 

90T 


80 

80 

T 

8S 

90 

80 



74 

105 

100 

los 

no 

no 

90 

100 

no 

Iioj' 

100 

80 

90.T 

90 

90 


77 

no 

no 

no 


H 

H 

\n 

H 

H 

Iio'jn 

no 1 

no 

no 

no 1 

100 

9 S 

9 S 

90 


Arrows indicate application of artiScial kidnej'. Mean blood pressures in mm. Hg. 


Despite the rapid rise in non-protein-nitrogen of the blood which follows the 
implantation of a ureter into the duodenum and removal of the contralateral kidney, 
it may be objected that such preparations are not comparable to the bilaterally ne- 
phrectomized animal since some constitutents other than the non-protein-nitrogenous 
bodies may not be reabsorbed from the intestine. Such an assumption is compatible 
with the observations of previous investigators who have noted that the degree of 
uremia and the period of survival of such animals is dependent upon the level at 
which the anastomosis is made. If made high in the duodenum, complete reabsorp- 
tion of the urine occurs, there is a rapid increase in the non-protein-nitrogen level of 
tb.e blood, and the animals survive for periods comparable to that following ne- 
phrectomy (13). On the other hand, if the transplant is made lower in the ileum, 
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there is no increase in the creatinine, creatine, uric acid or amino acid content of the 
blood and the animals survive for periods of 14 to 20 daj's (14). 

Effect of Implanting the Right Ureter in Vena Cava and Removing the Left Kidney. 
In order to obviate the objections that the failure of the blood pressure to rise in dogs 
with a ureteral implant into the duodenum is due to the excretion by the bowel of 
certain catabolites, the series of experiments cited in table 6 were performed in whicli 
the ureter was implanted into the abdominal vena cava. Under these conditions 
no excretion is possible while relatively normal renal tissue remains in tlie organism. 


Table 5. Efeect of iuplantikg right uretf-r into the sxrALL i.vtf.stjxe and resjoving 

LEFT KTONEV on THE XW-AN BLOOD I’RESSURE AND BLOOD UREA LEVELS OF TWO DOGS 



DOC 74 

Doo 77 


Mean blood pressure 

Blood urc.i level 

Mean blood pressure 

Blood urea level 


mm. lie 

m-% 

mm. }Jg 

m;. fo 

Prior to removing 


i 



left kidney 

105 

1 

30 

no 

35 


Day.s following nc- 





phrcctomy 


! 



I 

300 

1 1 

310 

HO 


2 

105 

j 

24 S 




3 

I zo 


330 

320 

4 

JIO 

AIK 


j 



s 

90 1 

, 47.t I 

“.t 


6 

roo 


no I 

3^7 

7 

TIO 

, 3^9 ! 

no 1 


S 

310 


330 ! 

i 

438 



10 . 

So 

^ 537 

300 

! 343 

3J 

go 


i 95 




t2 

go 

K20 

' 100 

no 

A7I 


i V 

5M 


90 

i 

6 co 

1 i 

J . , . . , , . 

16 

izs 

610 

3 : 


1 1 

os 


:S 

1 

1 

1 1 

95 


30 

i i 

! 1 

go 

6:3 


,\rrows indic.itc days on XYhich anlm.ils were atwched (o ihc ariitidal J. jdncy. 

As Jioieti in tabic 6, the blood pressure under tlicsc conditions remains at its normal 
level. 


DISCUSSIOX 

In Slgtire 2 are illustrated graphically the cfTccts on the blood presfure of the 
various manipulations on the kidney carried out in the present investigation. Tl.c 
asrves were constructed by averaging Use differences between the blood pressure on 
each day following ojreralion and the pre-operative levels. It k eviderP. from figure 
2 and t!;e dat.a of tabh’s i to 6 that bilateral nephrectomy results in liyper tensive 
blood pressure levels in tlje dog, and tliat in the prese.nce of renal tissue in s!;c body, 
.as in the uretcro-intcs'inal and urcterovenous anastomose?, cesnatc the absence of 
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excretory function, the blood pressure remains at its normal level. When, however, 
the ureters are ligated there is an acute rise in blood pressure which returns to nor- 
mal at a time when the blood pressure in the nephrectomized animal is still rising. 
The latter rise is generally accepted as being due to the liberation of a pressor agent 
(angiotonin or hypertensin) from ischaemic renal tissue. If only one ureter is ligated, 
this transient rise in blood pressure also appears and if the contralateral kidney is 
removed after the blood pressure returns to normal, no further elevation in blood 
pressure occurs. 


TABI.E 6. Effect of hiplanting right ureter into vena cava and removing left 


KIDNEY ON THE MEAN BROOD PRESSURE OF THE DOG 


noG 

PRIOR TO 
KEPHRECrOiTV: 

DAYS FOLLOWme NErnRECTOUy 

1 

2 

3 

D 

5 

! 6 

— 

! s 

i 9 

1 

11 

1 

12 

117 

IIS 


100 

no I 

100 1 

1 



1 



1 

1 

1 

1 


112 

130 


120 


130 

135 










121 

no ' 

no 


no 

no 

100 










IlS 

no 


120 

1 

140 

* 


120 








II5 

no 

no ' 


no 

no 



!lOS 


no 






II3 

115 


120 


130 


' i 

1 

130 



13s 





108 

no 

120 i 


130 


130 

1 

140' 



130 

120 




104 

no 


100 


100 

75 


no' 




135 

130 1 

125 

no 


Arrows indicate application of artificial kidney. Mean blood pressures in mm. Hg. 



Days 


Fig. 2. Average changes in 
BLOOD PRESSURE of three series of 
6 dogs; A, with the right ureter im 
planted into the small intestine 
and the left kidney removed 

(• •); B, M-ith both ureters 

ligated (x x) ; and C, with both 

kidneys removed (O, O). 

Note the constancy of the blood 
pressure in A, the transient rise 
with a return to normal levels in B 
and the continuous sustained rise 
in C. The ordinates indicate the 
changes in blood pressure over the 
preoperative levels; the abscissae, 
days following nephrectomy or 
ligation of the ureters. 


Previous investigators have also noted the maintenance of a normal blood pres- 
sure level following the anastomoses of the ureters and the ileum (15) or the venous 
circulation (9, 15) and following bilateral occlusion of the renal veins (16). How- 
ever, in these experiments the animals survived for only 3 days or less when all ex- 
cretory function was abolished. Consequently, they are of little significance since 
one may justifiably attribute the observ’^ed results to the poor state of the animals or 
a failure of sufficient time to elapse for hj’pertension to manifest itself. 

The rise in blood pressure to hypertensive levels of the nephrectomized dog ob- 
viously cannot have been due to the liberation of renin (hypertensin) or other pressor 
agents derived from the kidney since no renal tissue was present in the animal. Nor 
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can it be argued that the rise in pressure was due to any interference with normal 
hemod3mamics by the use of the artificial kidney since the rise in pressure was 
evident even before the animal was subjected to this manipulation, and no rise oc- 
curred when uremic animals with renal tissue present were treated similarly. 

The failure of previous investigators (17) to be impressed by the rise in blood 
pressure induced by nephrectomy must be attributed to the poor condition of their 
animals, as evidenced by the short period of their survival. As a matter of fact, 
perusal of the literature reveals instances of hypertensive levels in dogs following 
nephrectomy, as, for example, in the papers of Wintermitz, et al. (18), and Harrison, 
el al. (8) in whose series of nephrectomized animals several instances of definite 
hypertension occurred. However, since these rises occurred only occasionally, they 
were disregarded by these authors. 

The present experiments offer direct evidence for the view that the kidneys exert 
an action other than their e.xcretory function in the organism (19, 20). Not only 
is this demonstrated by the difference in the obser\’-ed blood pressures in the presence 
and absence of renal tissue but also in the fate of the animals under the two con- 
ditions. The bilaterally nephrectomized animals, despite the removal of the e.\'cre- 
tory products by the ‘artificial kidney’, developed those pathological changes in the 
tissues which are associated with so-called malignant hypertension. These oc- 
casionally included hemorrhages in the eye-grounds and changes in the arterioles, 
skeletal muscles, myocardium and smooth muscle generally. Intussusception of the 
intestine which is common in dogs in which malignant hypertension is induced by 
the application of a clamp to one renal artery and removal of the opposite kidney 
occurred in over 10 per cent of our nephrectomized dogs surviving 8 days or more. 
A detailed pathological report of these studies and their implications will be reported 
elsewhere (5). They offer material evidence for determining the relative role 
played by the elevation in blood pressure, the accumulation of waste products and 
the presence or absence of renal tissue in inducing the pathologic changes obser\’-ed 
in malignant hypertension. 

Geer and Dragstedt (15) concluded from their observations on 4 dogs that the 
deviation of urine from one kidney into. the blood stream produces no to.ric sjonptoms. 
However, one of their 4 animals died on the 13th day while the others were killed on 
the nth, 28, and 37th day. In our own series, 4 dogs in which the contralateral 
kidney was not removed died on the 7th, 12th, 13, and 30th days. It w'ould appear 
therefore, that diversion of the urine into the blood stream is not entirely innocuous 
as appears also from our pathological studies of the tissues of these animals. 

It may be obj'ected that under the e.xperimental conditions in which renal tissue 
is present without elevation in the blood pressiure, the blood pressure fails to rise be- 
cause of the detrimental effects of the experimental procedures. However, in cases 
of the uretero-intestinal anastomoses, the lesions present were much less pronounced 
than in those of bilaterally-nephrectomized dogs which in comparable periods of 
time manifest definite hj^Dertension. In cases of the uretero-venous anastomoses, 
also, survival extended well beyond the time that elevations in blood pressure appear 
in the bilaterally nephrectomized animals. Our data also show that there is no close 
correlation between the ele\*ation of the blood pressure and the severity of the lesions 
seen at autops3^ 
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SUMMARY 

The effect of the following procedures on the mean blood pressure of the dog was 
determined: 1) bilateral nephrectomy; 2) bilateral ligation of both ureters; 3) ligation 
of one ureter, the other remaining intact; 4) implantation of one ureter into the small 
bowel with removal of the contralateral kidney; and 5) implantation of one ureter 
into the abdominal vena cava with removal of the contralateral kidney. The period 
of survival of the animals deprived of renal excretory function was prolonged by main- 
taining them on an electrolyte-free diet and by application of an artificial kidney at 
intervals of 4 or 5 days. 

The blood pressure of the nephrectomized animals gradually rose to hyperten- 
sive levels and at autopsy revealed the pathological findings of malignant hyperten- 
sion. Ligation of the ureters resulted only in a temporary rise in blood pressure. 
If the contralateral kidney was removed following the return of the blood pressure 
to normal, no elevation in blood pressure occurred. Likewise, in animals with one 
ureter implanted in the small intestine or into the vena cava and the contralateral 
kidney removed, no hypertension resulted. 

It is concluded that nephrectomy results in hypertension and that the presence 
of intact renal tissue is essential for the maintenance of the normotensive state. The 
present studies offer direct evidence for the view that the kidney normally, in addi- 
tion to its excretory function, also exerts a function which is concerned in the main- 
tenance of normal blood pressure levels. H3^ertension of renal origin according to 
this view is not due to the liberation of a pressor agent, but results from a failure of 
this activity of the kidney. 
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EFFECTS OF EMOTIONAL DISTURBANCE ON WATER 
DIURESIS AND RENAL BLOOD FLOW m THE RABBIT' 

JAN BROD2 AND JONAS H. SIROTA* 

'From the Department of Physiology, New ‘York University College of Medicine 

NEW YORK CIIY 

I N THE dog and man under normal conditions, variations in urine flow are to a 
great extent independent of the glomerular filtration rate, water diuresis being 
effected primarily by decreased tubular reabsorption (i). In rabbits, however, 
Kaplan and Smith (2) reported that filtration rate and urine flow varied in a parallel 
manner, water diuresis being accompanied by an increase in the filtration rate. 
These observations, which have been confirmed by Dicker and Heller (3) and Forster 
and Maes (4), place the rabbit in an anomalous position among the mammals so far 
investigated. Our reinvestigation of this problem was occasioned by the extreme 
difficulty which we encountered in some experiments in producing water diuresis in 
certain rabbits, and further study has led us to the conclusions that the apparent 
relationship between filtration rate and urine flow in the rabbit is physiologically 
fortuitous, in that when present it is attributable to a reversible reduction in filtration 
rate, associated with renal ischemia reflexly induced by the manipulation of excitable 
animals; as the renal and glomerular circulation recover, the urine flow increases pari 
passtt with the filtration rate. In the absence of renal ischemia, variations in urine 
flow appear to be mediated independently of the filtration rate, as in man and the 
dog. 

METHODS 

Simple water diuresis experiments were performed on 42 unanesthetized adult male rabbits 
weighing from 2300 to 4400 gni. The animals were maintained on a diet of dry oats and dried greens 
and had free access to water. Depending upon the conditions of the experiment, they were either 
kept in a closed box or tied to an animal board throughout the period of observation. For the induc- 
tion of water diuresis they were given 50 cc. distilled water per kg. body weight by stomach tube. 
Urine was obtained through an indwelling no. 16 French Foley catheter with a 5-cc. bag in the bladder 
inflated with water to insure against expulsion of the catheter. After each collection period the 
bladder was washed with 5 cc. of distilled water and 10 cc. of air. The efficiency of this method of 
bladder emptying was confirmed at numerous post-mortem examinations which failed to reveal 
any residual bladder urine. 

The filtration rate was measured by the exogenous creatinine clearance (2), and the effective 
renal plasma flow by PAH (p-aminohippuric acid) clearance (5). Priming and maintenance doses 
of these substances were calculated to maintain plasma levels of 30 mg. per cent for creatinine and 
2 mg. per cent for PAH. The sustaining dose was given as a constant intravenous infusion in isotonic 
saline into the marginal vein of the ear at a rate of 0.3 cc. per minute by means of a mercury gravity 
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drip pump. The priming dose was injected directly into the rubber tubing feeding the sustaining 
infusion. One hour was allowed to elapse from the time of tlie priming dose before starting the first 
urine-collection period in order to insure equilibrium levels of the test substances throughout the body 
fluids. Urine-collection periods varied from lo to 6o minutes in length, depending upon the urine 
flow. Blood samples were obtained by means of cardiac puncture. Blood pressure measurements 
were recorded by the method of Grant and Rothschild (6). Creatinine was determined by the 
standard Folin (7) method and PAH by the technique of Smith ct al. (5). Emotional disturbances 
were created by faradic shocks applied to the bare skin of the thorax; by loud, banging noises; by 
pinching; and, in hjiDerexci table animals, by merclj’ keeping tliem tied to an animal board in the 
supine position. When freedom from emotional stress was desired the rabbit was placed upright in 
an enclosed box, allowing free egress of the head, and disturbing sounds were avoided. 

RESXJLTS 

Effect of Emotional Stress on Water Diuresis. Water diuresis was induced in a 
group of hyper-excitable rabbits when secured to an animal board in the supine 
position, and compared with the diuresis obtained in tlie undisturbed condition. 
This stimulus was sufficient to produce obvious tenseness and hj'per-irritability for 
5 hours, with the exception of rahhit 10, table i, which was conspicuous by its docility. 
The results of 13 water-diuresis experiments on the animal board and in the 
apparently non-disturbing environment of the box are contrasted in table i and figure 
I. The difference in diuretic response is very marked. The average urine output in 
a 5-hour period of the 7 animals on the board was 24.8 per cent of the total water 
ingested, as compared to 87.1 per cent for the animals in the box. The good diuretic 
response obtained with rabbit 10 on the board seemed to be related to his apathy or 
docility. 

The supine position alone does not seem to affect water diuresis, since the same' 
degree of inhibition of dimresis was obtained when the animals were tied to the board 
in the prone position. Forster and Maes (4) also noted that variations of the hori- 
zontal position resulted in little change in the renal function of rabbits. 

Effect of Emotional Stress and Painful Sthnuli upon Renal Blood Flow. Water 
diuresis was induced by placing the rabbits in the box after water administration, 
and at the height of the diuresis the animals were disturbed by unpleasant stimuh. 
The results of 15 such experiments are recorded in table 2, and the course of a t>^ical 
experiment is shown in figure 2. In all cases the disturbing stimuli were immediately 
followed by a marked decrease in urine flow, effective renal plasma flow and filtration 
rate, and a more gradual increase in the creatinine U/P ratio, representing increased 
tubular reabsorption of water. There was no consistent change in the filtration 
fraction; in 8 instances it was elevated, in 4 it was decreased, and in 3 there was no 
significant change. The blood pressure, if it changed at all, increased by 5 to 20 mm. 
Hg following the stimulus. Oliguria was frequently very severe, lasting from 30 to 
120 minutes. The experiment was terminated in 6 cases by death of the animal in 
con'vulsions, apparently because of ■water intoxication resulting from prolonged 
oliguria in the face of excessive hydration coupled with prolonged intravenous in- 
fusion at the rate of 0.3 cc. per minute. These con'vulsive deaths were similar to 
those observed by Rowntree (8) in his study of water intoxication. Post-mortem 
examination revealed only distention of the venae cavae, and in only one instance was 
pulmonary edema present. Although a few of the animals tested were relatively 
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resistant to excitation, oliguria could always be provoked by increasing tbe strength 
of the stimulus. 

From these data it appears that the oliguria associated with painful stimuli and 
emotional stress in the rabbit is caused primarily by a reduction in renal blood flow 
and filtration rate and to only a minor degree by increased tubular reabsorption of 
water. 


Table i. Effect of emotional stress upon water diuresis 


RABBIT NO. 

PEE CENT OF INGESTED TLXnS EXCRETED IN S HOURS 

On Board In Box 

2 

16.6 

ro2 

3 

21.4 

106 

6 

7,00 


7 

4.80 


8 


70.0 

P , 

ii-S 

63.0 

IQ 

83.0 


II 

29.6 

102 

14 


79 - S 

Average 

24.8 

87.1 



Pig. I. Comparison of av’eeage water diuresis curtcs obtained with excited and quiescent 
rabbits, revealing the inhibition of water diuresis in the disturbed animals. 

Relationship between Glonicrniar Filtration Rate and Urine Flow in the Unexcited 
Rabbit. Animals which appeared to us to be least disturbed by handling were 
chosen for this series of experiments, and the enxnronment was maintained free of 
disturbing stimuli. The results of 8 such experiments are tabulated in table 3 and 
figure 3, The data show that with such selected animals and under suitable condi- 
tions it is possible for the urine flow to varj* as much as 16-fold during water diuresis 
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without significant changes in the filtration rate. The normal variation in urine 
flow in the unexcited rabbit appears to be a function of tubular reabsorption of water, 
as in the other common mammab. 

Factors Controlling Efect of Emotional Stress and Painful Slimtdi on Renal 
Blood Flow. Three possible mechanisms were considered: i) general circulatory 
effects; 2) stimulation of renal vasomotor apparatus by neural transmission; 5) stimu- 
lation of renal vasomotor apparatus by humoral factors. 


Tabix 2, Efbect or emotionai, stress and PAiNrui, stiuitli on renal CIECDL.'VTION 


31 AB- 

BIX 

KO. 

Urine 
Flow 
Be- 
fore 
Stim- ' 
ulus ' 

Qxnx .1 PESIOD 

Fil. 

tra- 

Great, tion 
Great. PAH U/P Frac- 
Clear. Clear. Ratio tion 

PERIOD OP EMOTIOKAL STRESS 

Urine 

Flow Fil- 

Type Follow- tra- 

01 ing Great, tion 

Stim- Stim- Great. PAH U/P Frac- 

ulus ulus Clear. Clear. Ratio tion 

Urine 

Flow 

RATIO OP riTKCnOKS 
BEPORE AND APTER 

Fil- 

tra- 

tion 

Great. PAH U/P Frac- 
Clear. Clear. Ratio tion 

JOl 

ccj 

min» 

1.40 

cc/ 

mtn, 

7.75 

ec/ 

mn. 

4 S.S 

on board 

5.55 0.170 supine 

ccf 

min, 

0.252 

cc! 

min. 

2.34 

ccf 

min, 

12.1 

9.3 0.193 

cc! 

mtn. 

5.55 

ccj 

min. 

3-31 

ce/ 

min. 

3.77 

0.598 0.881 

3' 

0.706 

9 .S 2 

40.1 

13.6 0.237 

faradic 

shock 

0.067 

2.21 

10.2 

33.0 0.217 

lo.s 

4.31 

3-93 

0.412 X.O9 

131 

0.039 

7.50 

27-4 

8.00 0.274 

on board 
prone 

0.037 

0.637 

2.53 

17.3 0.252 

25.4 

11.8 

10.8 

0.462 1.09 

IZ» 

0.146 

7.88 

89.0 

54 . 0 o.oSg 

heart 

puncture 

0.064 

2.04 

21. S 

33.4 0.09S 

2.28 

3.86 

4.14 

1.6: 0.932 


0,900 

IS.2 

199.0 

21.7 0.078 

heart 

puncture 

0.38 

9.2s 

12.2 

33.0 0.076 

3.21 

1.64 

1.65 

0.658 1.03 


1.50 

14.4 

83.7 

9.60 0.168 

escape 

reaction 

0.59 

7.93 

21 .5 

13.3 0.368 

2.54 

1.82 

3.98 

0.794 0-437 

25 

0.590 

7.93 

21. S 

13.3 0.36S 

faradic 

shock 

0.063 

2.96 

6.06 

47.2 0.488 

9.37 

2.68 

3-55 

0.2S4 0.754 

S2 

0.606 

II. 6 

38.1 

19. 1 0.305 

faradic 

shock 

0.300 

8.61 

14.7 

28.7 0.585 

2.02 

1.3s 

2.59 

0.666 0.522 

S3 

0.436 

II .7 

29.9 

27,4 0.293 

heart 

puncture 

0.076 

3.09 

II. OS 

40.6 0.280 

S.6i 

3.79 

3.62 

0.675 i.os 

155 

0.222 

XI.I 

66.4 

52.0 0.168 

tube 

feeding 

0.109 

6.70 

29.2 

61.S 0.230 

2.04 

1.66 

2.28 

0.846 0.731 

15S 

0.1320 II.9 

82.0 

90.0 0.145 

tube 

feeding 

0.059 

7.16 

39.4 

I2t.3 o.iSi 

2.24 

1.66 

2.0S 

0.741 0.802 

164 

O.19I 

8.80 

27.4 

46.0 0.321 

onboard 

supine 

0.037 

3.0S 

10.4 

83.3 0.298 

5.16 

2.86 

2.64 

0.552 t.o8 

157* 

0.299 

6.30 

24.1 

21.0 0.261 

tube 

feeding 

0.145 

3-39 

1S.4 

24.8 0.193 

2.06 

1.75 

1.31 

0.844 1.34 

150 

0.132 

11.9 

82.0 

90.0 0.143 

tube 

feeding 

0.059 

7.16 

39.4 

12.1 0.181 

2.24 

1.66 

2.0S 

0.744 0.800 

150 

0.934 

7.78 

43.8 

8.33 0.178 

heart 

puncture 

0,071 

4.56 

20.3 

6.4 0.225 

13.1 

i. 7 t 

2.16 

0.130 0.79a 


1 These animals died with convulsions, apparently due to water intoxication. 


i) Since the blood pressure of all the animals tested remained either constant or 
revealed a moderate rise, the depressed renal blood flow could not be attributed to 
decreased blood pressure in any instance. 2) In order to investigate the effect of 
neural impulses transmitted via renal nerves, we repeated the excitation experiments 
in 5 rabbits with denervated kidneys. Both kidneys were denervated by stripping 
all visible strands of tissue from the hilar vessels and ureters, followed by local appli- 
cation of 5 per cent phenol for 2 minutes. The experiments were performed from 
10 to 14 days post-operatively. The results of these experiments duplicate those in 
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imoperated animals: painful stimuli and emotional excitement caused a marked reduc- 
tion in diuresis, filtration rate and plasma flow. Our results indicate tliat the renal 
nerves are not necessary for the production of renal ischemia. 

5) Several experiments were designed to investigate the influence of administered 
antidiuretic hormone and adrenalin in the production of oliguria. At the height of 
water diuresis under quiescent conditions, 2 milliunits of pitressin were administered 
intravenously to 4 rabbits weighing about 2500 gm. This dose was sufiScient to 
produce antidiuresis in 3 of the 4 animals, with only slight and transitory decreases 
in the renal plasma flow and filtration rate in 2 of the 3. The inhibition of diuresis 


Fig. 2. COXJRSE OF A TYPICAL EXPERI- 
MENT in "Which faradic shocks were applied at 
the peak of water diuresis, marked parallel 
depression of renal blood flow, glomerular 
filtration and urine flow results. 



was due primarily to increased tubular reabsorption of water. The respective 
changes in the creatinine U/P ratios were 26 to 73, 28.5 to 64.8 and 14.8 to 45.0. In 
contrast, 400 y of epinephrine caused a marked reduction in renal plasma flow and 
filtration rate and marked oliguria, with little effect upon the creatinine U/P ratio. 
In one rabbit the urine flow decreased from 0,162 to 0.065 cc/min., the renal plasma 
flow from 33.9 to 5.92 cc/min., and the filtration rate from 5.20 to 1.71 cc/min., with 
the creatinine U/P ratio changing from 32.1 to 26.4. Epinephrine in doses of from 
50 to 120 7 failed to produce consistent effects. It appears that the oliguric state 
stimulates the renal effects of relatively large doses of epinephrine. Dibenamine (g) 
was administered to 7 animals at the height of oliguria to determine whether this 
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adrenolytic agent had any effect upon the mechanism. The drug was given intrave- 
nously in doses of 5 mg/kg. of body weight. In 3 rabbits with intact renal nerves 
this drug had no significant effect. In 3 of the 4 animals with denervated kidneys 
there was a definite increase in the renal plasma flow and filtration rate immediately 
following its administration, with no change in the 4th. The effect of dibenamine 
upon the action of large doses of adrenaline was not determined in either group of 
animals. 

DISCUSSION 

O’Connor and Vemey (10) have shown that painful stimuli in dogs produce two 
types of inhibition on water diuresis: a rapid, short-lasting inhibition which is pre- 



0.1 0.2 03 0.4 

URINE FLOW CC\KGM\MIN 


Fig. 3. Relationship between creatinine clearance and urine plow in undisturbed 
rabbits. A 16-fold increase in urine flow during water diuresis is possible without significant variation 
in creatinine clearance. Rabbit 14S (table 3) is not included in this figure because of an unexplained 
high creatinine clearance averaging 5.98 cc/kg/min. 

vented by section of the splanchnic nerves or by denervation of the kidneys and 
adrenals; and a slow, prolonged inhibition which is abolished by hypophysectomy or 
section of the supraoptico-hypophysial tracts. Haterius (ii) has shown that anti- 
diuresis is produced in anesthetized rabbits by painful stimulation of the lumbar 
region and he attributed the phenomenon to increased secretion of the antidiuretic 
hormone, since the response was abolished by destruction of the pituitary stalk, but 
he states that, with excessive struggling, antidiuresis may occur in the absence of the 
pituitary. He also cites a personal communication from Ingrahm to the effect that 
inhibition of diuresis may occur in cats with diabetes insipidus following unpleasant 
handling, such as repeated catheterization or gavage. Lippman (12) demonstrated 
that the painful ‘tailcutting’ method of obtaining blood in rate reduced PAH clear- 
ances b}'’ 14 per cent and creatinine clearances by 37 per cent below those values 
obtained with the painless ‘undisturbed’ method. Smith (13) and Wolf (14) have 
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demonstrated reduction in renal plasma flow in man after psychological and physi- 
cal trauma. 

It is dear that antidiuresis may involve either an increased secretion of the anti- 
diuretic hormone or renal ischemia, or both. In contrast to O’Coimor and Vemey’s 
observations in dogs, our data on rabbits indicate that antidiuresis occasioned by 
disagreeable stimuli in this species is to be attributed primarily to renal vasomotor 
changes which cause a marked and prolonged reduction in renal plasma flow and 
filtration. The absence of any marked increase in the reabsorption of water, as 
indicated by the creatinine U/P ratio, argues against a significant contribution from 
the antidiuretic hormone. Apparently marked sympathomimetic activity is easily 
elicited in the rabbit in contradistinction to the dog. 

The locus of vasoconstriction in the rabbit has not been determined, but applica- 
tion of Gomez’ (16) equations to our data on renal plasma flow and filtration rate 
in animals where the blood pressure was measured indicates that both the effective 
efferent and afferent resistances increase about equally. 

Under the conditions of our experiments, one might expect that the renal blood 
flow might be diverted through the juxtameduUary glomeruli, as described by Trueta 
and his colleagues (15), in which case one would anticipate a marked reduction in 
the renal extraction ratio of PAH. Several attempts to measure the extraction 
ratio by the collection of renal venous blood were defeated by almost complete renal 
ischemia. However, during oliguria in 4 of our rabbits we obtained good and uni- 
form x-ray visualization of the renal vascular tree foUowmg the administration intra- 
venously of a large dose of diodrast. If some of the glomeruli were excluded from 
the circulation they were uniformly dispersed in areas which still received good cir- 
culation through adjacent glomeruli.'* 

Our data show that in a non-excited rabbit a considerable variation in urine flow 
(0.02 to 0.32 cc/kg/min.) accompanies water diuresis without any related change in 
filtration rate. Thus the uncomplicated diuretic response appears to be a purely 
tubular phenomenon, as in the dog and man. 

We believe that the parallel variation in urine flow and filtration rate reported 
by other authors (2-4) is attributable to a reduction in renal blood flow occasioned 
by the experimental procedures. The majority of observations made by Dicker and 
Heller (3) and Forster and Maes (4) were made during rising diuresis which corre- 
sponds to the recovery phase from the oliguria induced by the administration of 
water and other procedures necessary to initiate the experiments. Observations 
made at various stages of this recovery process yield a fortuitous correlation. 

SUMMARY 

Emotional disturbance and painful stimuli in the rabbit cause antidimresis by 
decreasing the renal blood flow (PAH clearance) and filtration rate (creatinine clear- 
ance). Increased tubular reabsorption of water (as judged by the creatinine U/P 
ratio) is of minor importance in this oliguria. The strength of the stimulus needed 

* We are indebted to Dr. Charles Gottlieb, Chairman of the Department of Radiology, New 
York University College of Medidne, for making the facilities of his department available to us. 
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to produce emotional oliguria varies with the excitability of individual animals, but 
the mechanism may invariably be provoked by sufficiently strong stimuli. During 
emotional oliguria, water-intoxication convulsions and death are easily provoked. 

Wffien emotional disturbance is avoided, the urine flow may vary 15-fold with a 
constant filtration rate. Pitressin in physiological doses causes a marked increase in 
the tubular reabsorption of water with little effect upon renal blood flow. Adrenalin 
in large doses causes renal ischemia similar to that observed during emotional oliguria. 
Emotional oliguria may be induced with equal facility in rabbits with enervated and 
denervated kidneys. 


ADDENDUM 

Since the completion of this work, Wills and Main (17), working with anesthetized rabbits 
found constant filtration rates with varj’ing urine flows, thereby agreeing with our results as obtained 
with unanesthetized and undisturbed rabbits. 
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RESPONSE OF RENAL BLOOD FLOW AND CLEARANCE TO 
GRADED PARTIAL OBSTRUCTION OF THE RENAL VEIN‘ 

EWALD E. SELKURT, PHILIP W. HALL akd IMERRILL P. SPENCER 
Fmn the Department of Physiology, Western Reserve University Medical School 

CLEVELA\T>, OmO 

I NVESTIGATION of the role of the kidney in the edema of congestive heart 
failure has suggested a sodium retaining mechanism whereby both glomerular 
filtration rate and renal blood flow are reduced, the latter more so than the for- 
mer, while tubular reabsorption of filtered sodium is unimpaired (i, 2), Since glo- 
merular filtration rate is not reduced as much as concurrent renal plasma flow the 
filtration fraction is elevated. Opinion differs as to whether the increased filtration 
fraction is due to efferent arteriolar vasoconstriction presumably on a humoral basis 
(3, 4) or due to high glomerular capillary pressure resulting from the elevated venous 
pressure which usually accompanies congestive heart failure (5). Merrill dismisses 
the venous pressure as being unimportant in the renal changes. Bradley and his 
associates (6, 6a) found, however, that when renal venous pressure in human subjects 
was elevated from 5.8 mm. Hg to 18.3 mm. Hg. effective renal plasma flow and glo- 
merular filtration rate were reduced on the average by 24.4 and 27.5 per cent respec- 
tively. They foxmd no significant change in filtration fraction. Bradley obtained 
elevation of renal vein pressure by inflation of a pneumatic abdominal girdle to 80 
to 100 mm. Hg. This transmitted a pressure of 20 mm. Hg to the abdomen. 

Merrill found no significant correlation between venous pressure levels and inulin 
and hippurate clearances in different patients. Yet in view of the findings of Brad- 
ley it would seem likely that alterations in renal vein pressure might have a definite 
effect on renal clearance when other factors which might influence renal function are 
kept constant. However, since the abdominal cuff technique might introduce other 
modifying factors on the kidney function, such as vasomotor influences of psycho- 
genic origin and compression of the ureters and renal pelvis on rate of urine flow, 
it seemed desirable to investigate the influence of renal vein obstruction on renal 
function by a technique specific for that factor alone. This was accomplished in dogs 
by exposure of the renal vein and gradual occlusion by a tourniquet. Renal vein 
pressure was recorded from a point between the obstruction and the kidney. Effects 
on either direct blood flow or clearances of creatinine and p-amino-hippurate (PAH) 
were studied. 


METHODS 

Dogs were anesthetized with 30 mg/kg. pentobarbital sodium administered intravenously. 
In one group the influence of venous obstruction on direct renal blood flow was e.xamined with an 
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optically recording bubble flo\\' meter by the arterial inflow technique in adequately heparinized 
animals. This method is described in detail elsewhere (7). In this group, exposure of the left kid- 
ney was made by a dorsal retroperitoneal approach. Renal arterial pressure was measured from a 
point just pro.ximal to the renal arterial cannula. Renal vein pressure was obtained by aid of a 
specially designed metal sound which reached from the right jugular vein into the left renal vein. 
Zero levels for venous pressure were set at the level of the inferior vena cava, and for arterial pres- 
sure at the level of the renal artery. Pressures were recorded by modified Gregg optical manometers 
of suitable sensitivity and frequency. To produce elevation in renal vein pressure a tourniquet was 
passed around the renal vein medial to the end of the inlying renal vein sound. This tourniquet was 
passed through a rigidly supported brass tube to the exterior to permit gradual uniform constriction 
of the vein. 

In a second group, renal clearances were performed with suitable blood levels of creatinine and 
PAH maintained by intravenous infusion or subcutaneous injection. Mannitol was included to act 
as an osmotic diuretic. In these animals a ventral approach to the renal vein was used. The 
method of measuring renal vein pressure and producing graded venous pressure elevation was the 
same as above, except that a water manometer was used instead of optical registration for recording 
pressures. In this group femoral arterial pressure as taken by a mercury manometer was used to 
calculate the A-V pressure differences across the renal vascular circuit. Urine was collected by direct 
cannulation of the left ureter. This minimized dead space and emptying errors. The alkaline pic- 
rate method (S) was used for creatinine analysis of urine and sodium tungstate plasma filtrates. 
Analysis for PAH was by the method of Smith (9) on CdS04 plasma filtrates and urine. All analj^ses 
were made in duplicate. Clearances were calculated by obtaining approximate midpoint plasma 
values by interpolation to the slope established by samples taken before and after each pair of urine 
collection periods of ten minutes duration. Appropriate correction was made for emptying delay. 

The general plan of the experiment was to raise renal venous pressure in three stages following 
a suitable control period. In the e.xperiraents concerned with direct blood flow, readings were taken 
every two minutes for a total period of 10 to 12 minutes at each stage, with brief periods intervening 
for tourniquet adjustment and stabilization of flow. Following the highest level of venous pressure 
elevation the tourniquet was released and usually two recovery periods were obtained. In the clear- 
ance experiments, each phase consisted of two consecutive urine collection periods preceded by ade- 
quate discard periods. 

RESULTS 

EJ'ect of Graded Venous Obstruction on Direct Renal Blood Flow. Five control 
experiments were performed to establish possible effects of experimental procedures 
without venous obstruction on blood flow as measured by the bubble flow meter con- 
nected between the carotid and renal artery. In all cases blood flow decreased some- 
what during periods of time equivalent to experiments in which venous pressure 
elevation was produced. From this evidence it seemed necessary to compare the 
renal blood flow during the periods of elevated venous pressure with the expected 
mean trend, rather than to the initial control value. The basis for this is the fact 
that the decline in flow observed in the control series is a linear function which can 
be predicted by a line connecting the initial and final periods. This is illustrated 
in the representative experiment in figure i-A. In the five control experiments 25 
intermediate periods averaged 0.98 of the predicted trend. The effect of graded 
venous obstruction was accordingly measured by deviation of flow from the line con- 
necting the control average with the recovery average, and expressing the experimen- 
tal change as a ratio to this predicted mean trend. In the succeeding discussion 
this ratio will be referred to as the experimental { control ratio, it being understood 
that the designation 'control’ here does not refer to the initial control value, but 
rather to the adjusted value based on the expected mean trend. 
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A representative experiment showing the effects on renal flow of graded elevation 
of renal venous pressure is shown in figure iB. For three successive stages of ve- 
nous pressure elevation the experimental/control flow ratio is 0.91, 0.93, and 0,81. 
Because all seven experiments differed somewhat in control rate of flow (range, 69 
to 134 cc/min/kidney; average, 119 cc/min.) and in control renal arterial pressure 
(range, 72-121 mm. Hg; average, 95 mm. Hg), the changes in flow are combined 
graphically in figure 2, where percentile deviation from control flow is related to the 
renal venous pressure. It is seen that effects on flow are significant in 3 experiments 




Fig. I. (upper) (4) The change in derect renal blood elow (rbf) in cc/min/kidney in a 
typical experimental preparation. This is considered as the ‘control’ trend, for the gradual decrease 
in flow noted is due to nonspecific factors other than renal venous pressure elevation. RAP ; = renal 
arterial pressure. 

(B) The eefecx of elevation of renal venous pressure (RVP) on direct blood flow. The 
upper arrows show the degree of reduction of RBF from the expected trend at each stage of RVP 
elevation. 

Fig. 2 (lower). Summary of the effect of elevation of rvp (in mm. Hg on the abscissa) on 
direct blood flow expressed in a ratio to the control value. Solid circles are the control renal venous 
pressures. Vertical lines represent the average renal venous pressures of successively the control, 
first, second, and third stages of venous elevation. The sloping dashed lines show experiments in 
whiA it is believed that other factors (neurogenic or humoral) are superimposed on the effect of 
venous obstruction, accounting for the more marked effect (see text). 


(dashed lines in figure 2) with experimental/control ratios of 0.53, 0.59, and 0.63, 
but less significant in the other 4 (0.81 to 0.96) at the highest venous pressures. The 
average decrease in flow for all was 18 per cent in a range of venous pressures from 
the control average of 7.3 mm. Hg to the average of the third stage of venous ele- 
vation, 21.3 nnn. Hg. The average decline in pressure gradient across the renal vas- 
cular circuit (arterial pressure minus venous pressure) was from 88 to 79 mm. Hg, 
a 10 per cent decrease. 


Calculation of renal vascular resistance from the ratio 


P (A-V) 
F 


showed increases 
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of 28, 60, and 80 per cent respectively in the above 3 experiments which showed sig- 
nificant reductions in flow. The other 4 showed no signficant changes (^^13 to — 10 
%), indicating that the decline in flow in these experiments was simply the result of 
decreased perfusion pressure unaccompanied by change in renal vascular resistance 
in the range observed. Inasmuch as this is true in 6 experiments to be described 
subsequently in which renal flow was extimated from the PAH clearance, it can be 
concluded that the typical effect of elevation of renal venous pressure on the renal 
circulation is a decline in flow directly proportional to the decrease in effective pres- 
sure gradient across the renal circuit. Apparently, humoral or vasomotor factors 
were superimposed upon the effects of venous obstruction in the above 3 exceptions 
Effect of Graded Venous Obstruction on Renal Clearances. Although study of 
the renal blood flow by direct methods has advantages in objectivity it was thought 
that examination of renal clearances under similar experimental conditions would 


Fig. 3. Eitxct of elevatiox of rvp on 
clearance of PAH and creatinine, and on the 
filtration fraction (FF). This experiment is 
one in which the changes in the clearances 
from the expected trend are minimal. 
Clearance values are for one kidney. Mean 
arterial pressure (MABP) was taken at the 
femoral artery. IVCP; inferior vena cava 
pressure. 
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throw light on the role of elevated venous pressure on the filtration fraction. T his 
was done to test the postulate that increased venous pressure might increase glomer- 
ular capillary pressure and hence the filtration fraction. By using the clearance of 
PAH to estimate renal plasma flow further information was supplied on the effect 
of venous pressure elevation on blood flow^ 

As was done with the data on direct blood flow, it appeared wise to consider the 
possible effects of experimental procedure other than renal vein obstruction on renal 
clearances. Data are available from 10 animals observed in connection with another 
study which were subjected to similar anesthetic and surgical procedures. The aver- 
age decline in PAH clearance was 15 per cent (range, — i to —40) and 10 per cent 
for creatinine (range, o to —36 %) during an average time interval of 198 minutes. 
Intermediate periods (PAH) averaged 93 per cent of the expected trend. 

Comparison of the recovery periods following partial venous obstruction with 
the control averages in the present series showed a decrease of 27 per cent (—6 to 
—43) for PAH and 20 per cent (-^2 to —39) for creatinine. Although these changes 
average greater than the above control data there is considerable overlap, and the 
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view is favored that the changes are due to other factors than the specific effect of 
renal vein obstruction. For this reason, experimental changes resulting from ele- 
vated venous pressure will be compared to the expected trend set by the control and 
recovery periods, as was done with the direct blood flow experiments. 

Two representative experiments illustrating the extremes of results are graphi- 
cally presented. In figure 3 the trend of PAH and creatinine clearances appears to 
be only slightly modified by renal venous pressure elevation, while in figure 4 the 
effect of increased venous pressure is significant. The difference in effects is readily 
explained on the basis of the change in effective pressure gradient (A-V). In figure 
3, due to a fortuitous rise in mean arterial pressure, the net decrease in pressure was 
only 6.5 per cent during the third stage of venous pressure elevation. This corre- 
sponds with a decrease in PAH clearance of only 4.0 per cent. On the other hand, 
in figure 4 arterial pressure declined during the course of the experiment, and the 



Fig. 4. This experiment is one in which 
the effect of elevated RVP on the expected 
trend of Cpah and Cck vras greatest. 


A-V pressure gradient decreased by 25 per cent during the third stage of venous ele- 
vation; during this phase the PAH clearance was 26 per cent below the expected 
trend. Thus it is dear that when changes in effective plasma flow occur they are 
directly related to changes in renal perfusion pressure. 

In figure 5 the effects on PAH clearance are graphically combined for all 6 ex- 
periments in terms of percentile deviation from the control. As venous pressure 
was elevated from the control average of 7.7 mm. Hg to 23.5 mm. Hg, the clearance 
of PAH decreased by an average of 12 per cent from the expected trend: range (—4 
to —26 %). The average calculated A-V pressure change across the renal vascular 
circuit decreased from 125 to 108.5 mm. Hg at the highest venous pressures, a 13 per 
cent decrease. This signified no change in renal vascular resistance, since flow de- 
clined proportionally to the average decrease in effective pressure gradient in all cases. 

The changes in the clearance of creatinine paralleled the changes in the PAH 
clearance in individual experiments and the average decrease at the highest venous 
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pressure was also 1 2 per cent. Thus it is obvious that there was no significant change 
in filtration fraction resulting from venous pressure elevation in the range observed. 

DISCUSSION 

The height of venous pressure elevation in most of these experiments (ca. 29-36 
cm. water) was comparable to the degree of venous pressure elevation seen in severe 
congestive heart failure. Yet with this degree of elevation tlie reduction in renal 
blood flow was only 18 per cent in a group of animals in which flow was measured 
directly, and in another group clearances of PAH and creatinine were reduced only 
by 12 per cent.^ This would appear to dismiss elevated venous pressure as the fac- 
tor which causes the marked reduction in effective plasma flow (PAH clearance) and 
glomerular filtration rate in clinical congestive heart failure. It is possible that higher 
degrees of venous pressure elevation than those investigated would have more si gnifi - 
cant effects on renal blood flow and glomerular filtration rate, but by extrapolation 
of the present trend it would appear that venous pressure elevation of at least tliree 
times that produced in the present experiments would be required to bring glomer- 


1. 1 

Fig. 5. Summary of the effects of i.o 

EEEVATED Rvp OH tlje clearance of PAH 
expressed as a ratio to the control value in ae 

successive stages of elevation (vertical lines 0.7 

represent average renal vein pressure values cs 

at each stage). as 
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MM H G 

ular filtration down to the 'critical level’ at which sodium is retained, about ? to f 
of normal (10). 

Our results agree with those of Bradley and his associates on human subjects 
in that the reduction in clearances is directly proportional to reduction in perfusion 
pressure across the renal circuit (P/F ratio remains constant). The finding of the 
constant filtration fraction is also confirmed. This signifies that there is no signif- 
icant increase in intraglomerular pressure. The reduction in renal blood flow and 
clearances has been less than Bradley reports despite a slightly greater absolute ele- 
vation in renal vein pressure. However, this may be harmonized by considering the 
effect of venous pressure elevation in terms of total reduction in pressure gradient 
across the kidney (i.e., 10 and 13 per cent in tlie present data as compared with 18 
per cent in the data of the human abdominal compression experiments). 

SUiEVLARY 

When renal venous pressure is elevated from 7.5 to 22.4 mm. Hg by partial ve- 
nous obstruction, direct renal blood flow and renal clearances (PAH and creatinine) 

®The possibility that blood flow might be maintained during graded renal vein obstruction by 
opemng up of collateral venous channels does not seem very likely in acute experiments. When 
^dneys were perfused tu siitt in freshly killed dogs via the renal vein (artery occluded) at <to mm. 
Hg pressure, the highest flow noted was o.oS cc/min/gm. of kidney, a negligible figure. 
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decrease by an average of 15 per cent. Tins decrease in blood flow and clearances 
can be explained almost entirely by the decrease in pressure gradient across the renal 
vascular circuit resulting from increased venous pressure, since arterial pressure re- 
mains essentially constant. Thus, the A-V pressure diflerence decreases by an aver- 
age of II. 5 per cent. 

The clearances of PAH and creatinine show parallel reductions, hence there is 
no alteration in the filtration fraction attributable to venous obstruction. There- 
fore, no support can be given to tlie concept that elevated venous pressure increases 
intraglomerular pressure, at least not in the range studied. The conclusion follows 
that the increased filtration fraction noted in congestive heart failure is probably 
attributable to increased efferent arteriolar resistance rather than to high venous 
pressure. 

The reduction in glomerular filtration rate resulting from experimentally ele- 
vated renal venous pressure is not enough to favor sodium retention and, in turn, 
edema formation. Other mechanisms must be operative in congestive heart failure. 
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ENHANCING EFFECTS OF GROWTH HORMONE ON 

RENAL FUNCTION^ 


H. L. WHITE, PETER HEINBECKER and DORIS ROLF 

From the Departmeitis of Physiology aiid of Surgery, Washington University School 

of Medicine 

SAINT LOUIS, MISSOURI 

W E HAVE previousl3>- reported (i, 2) that the considerable falls in diodrast 
or sodium para-aminohippurate (PAH)" and inulin plasma clearances and 
in diodrast or PAH Tm resulting from hypophj'sectomy in dogs are not 
due to a depression of thyroid, of gonad or of adrenal cortical function brought about 
by the hypophysectomy ; the question as to whether loss of growth hormone or of some 
further anterior-lobe principle is responsible for the falls was left unsettled. In the 
present paper it is sho\vn that loss of growth hormone is responsible, since its adminis- 
tration to h3q3ophysectomized dogs raises the depressed values to or above normal 
and to normal dogs raises normal values to twice the normal. 

METHODS 

The clearance procedures and chemical methods were as previously described (2). Growth 
hormone prepared according to the Wilhelmi-Fishman procedure was generously supplied by the 
Armour Laboratories, Chicago. It was given daily subcutaneously for periods of 9 to 12 days. Ex- 
cept for the last 3 days with K44 we used Armour’s lot 3PKR3, giwng 0,5 mg/kg- daily. Armour 
Laboratories state that 50 gamma/rat/day of this material is sufficient to cause a 20 gm. weight 
increase in 15 days, that its adrenotrophic and gonadotrophic activities are negligible and that its 
thyrotrophic potency is estimated to be quite low. Published comparisons of the relative sensi- 
tivities of the dog and the rat to growth hormone are few. Putnam, Teel and Benedict (3) found 
that 1 to 2 cc/kg/day of their extracts produced increased growth in dogs, while increased growth in 
rats was produced by daily doses of up to 4 cc. per rat. Evans, Meyer and Simpson (4) found that 
I cc. of extract daily to adult female rats regularly stimulated growth of 55 gm. in 20 days. Daily 
dosage of 25 to 40 cc. of the same type of extract in a hj’pophysectomized puppy produced growth 
greater than that of a normal litter-mate control. The hypophysectomized puppy weighed 2.1 kg. 
at the beginning and 7.3 kg. at the end of the period of injections; it thus received 5 to 12 cc/kg/day 
as compared with 4 cc/kg/day for the rats. Normal dachshund pups receiving 0.5 to i cc. of extract 
daily grew much faster than litter-mate controls; shepherd pups were less responsive. It thus ap- 
pears that the effective dose per kg. of dog approximates that per kg. of rat, with considerable vari- 
ations in different breeds of dogs. Since 0.05 mg. of Armour’s lot 3PKR3 is an effective dose in 
young rats, this is about 0.5 rag/kg of rat. This dosage was accordingly used in our dogs; it is not 
at all certain that maximum effects have been attained. For the last three injections on K44 we 
used Armour’s lot 3PKS3R; the dose was 1.25 mg/kg/day, since it was stated to have approximately 
one half the potency of lot 3PKR3. 
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RESULTS 

Normals. The efEects of growth hormone administration on the observed renal 
functions of 2 normal dogs are shown in table i. It is seen that PAH and inulin 
clearances and PAH Tm are greatly increased after g or 12 days, although there is 
little or no effect after 5 days (K43 — 11/3/48). The values have begun to fall in 2 
days and have returned to or slightly below normal by 6 days after cessation 
of growth-hormone injections. 

Sypophyseclomized. Table 2 shows that the depressed functions of hypophysec- 
tomized dogs are raised to or above normal after 9 days of daily growth-hormone ad- 
ministration; here an effect is apparent after 5 days (K39 — 11/ 29/48). The falls in 
plasma nonprotein nitrogen accompanying the clearance increases should be noted. 


Table 1. Effects of growth HOEitONE on renal functions in normal dogs 



PAH 

IKULIN 

j 

PAH 

TiC 

imi 


CLEAR- 

CLEAR- 



ance 

ANCE 



Dog K43 


10/28/48 Normal 

in 

ccimini 

116 

ml 

minin’ 

20 

mg. % 

81 

10/29/48 through 11/10/48—0.5 mg/kg. growth hormone (sPKRs) 
11/ 3/48 5 days of growth hormone 

336 


27 

81 

11/10/48 12 days of growth hormone 

849 


33 

91 

11/12/48 

608 


20 

79 

11/16/48 

; 308 


16 

80 


Dog K44 


12/21/48 

Normal 

229 

78 

19 

93 

12/21/48 

through X2l2-]I4Z — 0.5 mg/kg. growth hormone (3PKR3) 





12/28/48 

through 12/30/48 — 1.25 mg/kg. growth hormone (3PKS3R) 





12/30/48 

9 days of growth hormone 

38S 

124 

35 

117 


Growth hormone daily subcutaneously. 


Adrenalecimnized. Table 3 shows that the response to growth hormone of the 
renal functions of a bilaterally adrenalectomized dog maintained on subcutaneously 
implanted desoxycorticosterone acetate (DC A)* pellets is slight or absent. There 
is a small increase after 5 days of injections (11/1/48) but this is not seen after 12 
days (11/8/48). In an effort to discover whether the failure of the striking effects 
seen in the normal and the hypophysectomized dogs was due here to a deficit of ad- 
renal cortical hormone (failure of DCA pellets to afford adrenal cortical replacement 
adequate for exhibition of growth-hormone effect) the experiment was repeated with 
the animal also receiving 0.2 cc. daily of Upjohn lipo-adrenal cortex intramuscularly. 
Here also no increase was obtained; the result is surprising in that there was an actual 
decrease of PAH clearance and Tm. 


® The DCA pellets were generously supplied by the Schering Corporation, Bloomfield, N. J. 
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The failure of this dog to show the enhancing effects of growth hormone seen in 
normal and hypophysectomized dogs cannot be ascribed to a poor general condition 
due to adrenocortical deficiency ; its appetite, weight, activity and disposition were nor- 
mal, clearances and PAH Tm were within normal limits, and repeated plasma sodium 
and potassium values normal; e.g., on 11/24/48 plasma Na and K were 145 and 5.6 
mEq/L, on 1/3/49 they were 143 and 5.0. The dog showed, however, the moderately 


Table 2. Effects of growth hormone oh renal functions in HypoPHysECTOiirzED dogs 



PAH 

CLEAR- 

INULIK 

CLEAR- 

1 

PAH j 
Tir 

PLASMA 

NPN 

PLASMA 

GLH- 


ANCE 

ANCE 

COSE 


Ksg 




cciminf 

J/i 

cclmin/ 

1 ms/ 
min/U'- 

ms.% 

m- % 

6/13/47 

Normal 

264 

95 

19 



•6/16/47 

Normal 

263 

96 i 

23 



6/20/47 

7/ 17/47 

Simple hypophysectomy 

158 

63 

1 

6.1 


\ 

9/10/47 


176 

44 

! 8.8 

1 


12/31/47 


i 151 

' 45 

1 8,6 

i 

66 

2/ 16/48 


129 

52 

5-6 

37 

71 

11/22/48 

11/24/48 

through 12/3/48— 0.5 mg/lcg. growth hormone 

"4 

51 

1 

6.8 


65 


(3PKR3) 






11/29/48 

5 days of growth hormone 

23s 

82 

17 

28 

106 

12/ 3/48 

9 days of growth hormone 

261 

i 

95 

18 


99 


K42 


ixliol^i Normal 

247 

77 

22 


95 

12/15/47 Normal 

276 

95 

26 


94 

1/21/48 Simple hypophysectomy 1 

2/26/48 

i 

130 

53 

1 

S-I 

66 i 

92 

3/24/48 

124 

49 

6.5 

50 

80 

12/ 7/48 

149 

54 

9-3 


82 

12/ 7/48 through 12/16/48 — 0.5 mg/kg. growth hormone 
(3TKR3) 

12/16/48 9 days of growth hormone 

353 

no 

26 

27 

121 


Growth hormone daily subcutaneously. 


elevated plasma nonprotein nitrogen values which we have consistently seen in DCA- 
supported adrenalectomized dogs even though they showed no other abnormality. 

DISCUSSION 

The demonstration that growth hormone raises the depressed renal functions of 
hypophysectomized dogs to or above normal and raises the values of normal dogs to 
twice the normal makes it unnecessary to postulate some further ‘renotrophic’ anterior- 
lobe principle whose loss is mainly responsible for the depression of renal functions 
resulting from hypophysectomy; our earlier demonstrations that loss of the gonado- 
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trophic and adrenotrophic hormones is not responsible and that the effect of loss of 
thyrotrophic hormone is slight (i, 2, ii) restrict the principal effect to loss of growth 
hormone or of some substance not separated from it. The results are consistent with 
the finding of an increased urea clearance in acromegaly (5). It may safely be ac- 
cepted that the growth-promoting principle is formed by the eosinophiles (14); the 
concept that the principle responsible for the enhancing effects on renal function is 
formed by the eosinophiles is further supported by the finding that in Cushing’s dis- 
ease, in the absence of renal disease, with basophilic hyalinization w'hich presumably 
indicates ineffective secretion of the basophile cells there is no depression of renal func- 
tion (5), and by our earlier findings that dogs with denervated neurohj'pophysis, re- 
sulting in loss of basophiles in the anterior lobe (i 5), show no persistent depression of 
renal function (6, 7). 


Table 3. Eftects of growth hormone on renal function in an ADRENALEcroiazED dog 


! TAn 

1 CIXAB- 

IKtTLtN ’ 
CLEAR- 1 

PAH 

TU 

PLASMA 

NPK 

plasma 

cLtr* 

AKCE 

AN*CE i 

COSE 


K41 


1/21/48 Leftadrenalectomy; 3 pellets (75 mg. each) desoxy- 
corticosterone acetate implanted 

1/28/48 Right adrenalectomy 

cc/min/ 

Mi 

ccimin/ 

Mi 

1 i”S/ 
[niin/Mi 

% 

«f. % 

2/24/48 

213 

86 

12 

37 

75 

10/25/48 

10/27/48 through 11/8/48 — 0.5 mg/kg. growth hormone 
(3PKR3) 

276 

! 

96 

1 

14 

i 

46 

85 

i 

11/ 1/48 5 days of growth hormone 

313 

no 

17 


IIS 

11/ 8/48 12 days of growth hormone 

11/12/48 through 11/24/48 — 0.5 mg/hg. growth hormone 
(3PKR3) and 0.2 cc. lipo-adrenal cortex 

265 

i 76 

! 

16 

48 

91 

11/18/48 5 days of hormones 

229 

89 

6,0 


74 

11/24/48 12 days of hormones 

182 

96 

4.8 

57 

78 


Growth hormone or growth hormone plus lipo-adrenal cortex daily. 


The interpretation of the findings of table 3 is not clear. A possible interpreta- 
tion is that the striking enhancing effects of growth hormone on renal function as seen 
in the normal and the hypophysectomized dog do not occur in the absence of some 
adrenal hormone w’hich is not DCA and is not contained in adequate amount in our 
dosage of Upjohn lipo-adrenal cortex; it would seem more likely to be a cortical than 
a medullary product. An analogy may be drawn with the need for thyroid substance 
to obtain renal responses to anterior-lobe administration; Preloban produces con- 
siderable increases in normal dogs (ii) but only slight and inconsistent increases in 
thyroidectomized dogs (i). However, the presence of DCA alone affords an adequate 
background to permit endogenous growth hormone to maintain normal renal func- 
tion in the adrenalectomized nonhypophysectomized dog (i, 2) and to permit smaller 
and shorter lasting increases in response to Preloban, as in dog K31 (i), and to growth 
hormone, as on 11/1/48 of table 3. A further possibility is that smaller doses of 
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lipo~adrenal cortex would have made possible the full enhancing effects of growth hor- 
mone and that the dosage employed was high enough to achieve an effective antagon- 
ism between adrenocortical and growth hormones such as has been described for the 
growth-promoting effect (i6). Some support to the view of antagonism may be 
afforded by the observations that whereas growth hormone raised the fasting plasma 
glucose levels in the normal and hypophysectomized dogs (tables i and 2) and in the 
adrenalectomized dog supported with DCA alone, it did not when lipo-adrenal cortex 
was added. 

Acute renal hyperemia has been produced by pyrogens, by intravenous amino 
acid and by intravenous adenine derivatives (8). Chronic renal hyperemia has been 
produced by high-protein diet in dogs (9) and less strikingly in man (10); it also re- 
sults from thyroid or anterior lobe administration (r, 11-13). Our present finding of 
a non-toxic substance which does not raise general metabolic rate or body tempera- 
ture and which produces striking chronic increases in renal blood flow, filtration rate 
and tubular activity may be clinically useful in certain conditions where such effects 
may be desirable. 


SUMMARY 

Daily growth-hormone administration for 9 to 12 days doubles the PAH clear- 
ance and almost doubles the inulin clearance and PAH Tm in normal dogs and raises 
the greatly depressed values of hypophysectomized dogs to or above the normal 
levels. It has but slight effect on these functions in the adrenalectomized dog main- 
tained on DCA pellets. In view of our earlier demonstrations that loss of the gona- 
dotrophic and adrenotrophic hormones is not responsible for the great depressions 
of these renal functions seen after hypophysectomy, and that the effect of loss of 
thyrotrophic hormone is slight, the principal effect is due to loss of growth hormone 
or of some substance not yet separated from it. The enhancing effect of growth hor- 
mone on renal function may find some therapeutic application. 
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COMPARISON OF THE CARBOHYDRATE EFFECTS OF AD- 
RENALIN INFUSED INTO THE FEISIORAL VEIN, CAROTID 
ARTERY, AORTA AND PORTAL VEIN OF RATS^ 

SHEILA SHERLOCK 5 

From the Department of Physiological Chemistry and the Laboratory of Physiology, 

Yale University School of Medicine 

IvEW HAVEN, CONNECTICUT 

T he effects of adrenalin introduced into a peripheral vein on the distribution 
of body carbohydrate are well known. The changes produced by adrenalin 
when infused into other vessels have been poorly studied. This is particu- 
larly true of the effects on carbohydrate metabolism, although the circulatory changes 
have been well observed (1-3). Intra-arterial adrenalin causes circulatory disturb- 
ances in the related limb, but general effects are minimal. It is postulated that ad- 
renalin is rapidly destroyed in the tissues, and when introduced into a limb artery, 
very little passes into the general circulation. 

In the present study normal rats w'ere perfused with adrenalin into the femoral 
vein, the aorta (thoracic and abdominal), and the carotid artery. The substance 
was also perfused into the portal vein to determine the direct effects on the liver. 
The changes produced in liver glycogen and blood sugar levels and in muscle glycogen 
and blood lactic acid were noted. 


EXPERIMENTAL 

Adult male rats of the Sprague-Dawley strain were used. They were fed in ad- 
libituin diet of Purina Laboratory Chow with Viobin corn germ supplement and were 
fasted for 48 hours previous to the experiment. 

The infusions were made through a no. 26 hypodermic needle cemented into a 
No. 4 French ureteric catheter. This was attached to a 2-ml. syringe, the plunger of 
which was driven at a constant rate by an electric pump (manufactured by the John- 
son Foundation, University of Pennsylvania). 

Adrenalin hydrochloride solution (i : 1,000 Parke Davis) was diluted i : 250 or 
1:500 with 0.9 per cent sodium chloride solution, and glutathione (2 mg/ 10 ml. in- 
fusion fluid) was added. Heparin (one drop to 10 ml. solution) was included for the 
intra-arterial infusions. The solution was infused for 60 minutes, a total volume of 
1.6 to 1.8 ml. being given. The dosage was approximately 3 X io“® mg/ioo-gm. 
rat/minute. 

The rats were anesthetized with intraperitoneal Nembutal solution in a dose of 
5 mg/ioo-gm. rat. Blood samples of 0.2 ml. were taken from the tail, and the in- 
fusion was then started and allowed to run for one hour. A further blood sample 
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was then taken, and the gastrocnemius muscle removed for analysis. The abdomen 
was then opened and the left lobe of the liver removed for gl}’’cogen analysis. Bod>’ 
temperature was maintained during the observation by an electric bulb placed over, 
but not too close to the rat. The experiments were usually done in pairs on the same 
day; in one animal adrenalin was infused while in the other control observation 0.9 
per cent sodium chloride solution was infused for one hour. 

Femoral Vein Infusions. These infusions were made directly into the exposed 
vein. 

Carotid Artery Infusions. With the head extended, a midline cervical incision 
was made through skin and fasciae and the left sternomastoid muscle retracted 
laterall5^ The carotid sheath of vessels was exposed and more fully visualized by 
incision of the omohyoid muscle as it crosses these vessels. The carotid artery being 
isolated, a cotton suture was tlireaded under it and used as a retractor. The needle 
was inserted in a cephalic direction, and the infusion commenced. The wound was 
covered with a gauze swab moistened with warm normal sahne. 

Aortic Infusions: Abdominal Aorta. A lower midline abdominal incision was 
made. The intestines were displaced to the right, and the aorta exposed by a small 
incision through the peritoneum of the posterior abdominal wall. A point was chosen 
in the aorta below the renal artery, and the needle rapidly inserted in a cephalic direc- 
tion. In a few instances this procedure resulted in some hemorrhage; these experi- 
ments were discarded. The infusion was started and the skin and muscles of the 
abdominal wall brought together by a skin clip. The wound was covered with a 
gauze swab moistened with saline. 

Aortic Arch. The abdominal aorta was exposed as described above. A small 
‘bull dog’-clamp was applied to the aorta just below the renal artery. The aorta was 
now ligatured just above its point of division into the common iliac arteries. A fur- 
ther loop-ligature was passed around the aorta. A slit was made in the aorta just 
proximal to its ligature, and a i&ne ^^inylite tube inserted. The ‘bull dog’ clamp was 
removed and the tube pushed along the aorta for a distance of approximately 9 cm. 
At this distance a slight resistance was encountered, and subsequent dissection showed 
that tlae tip of the tube rested in the arch of the thoracic aorta. The tube is kept in 
position by tightening the loop ligature. If the manipulations are rapid, there is 
surprisingly little bleeding. The tubing is attached to the syringe, and infusion of 
adrenalin or of saline is started. It is thus possible to infuse the solution, against the 
direction of blood flow, directly into the aortic arch. 

. The blood supply to the lower limbs is greatly altered by ligature of the aorta. 
Due to the anoxic conditions in the lower limb, analysis of the tail-blood sample 
showed a conspicuous rise in lactic acid and fall in sugar levels. In these experiments, 
therefore, the final blood sample was taken from the heart. 

Blood glucose was determined by the Nelson (4) method and blood lactic acid 
by the method of Barker and Summerson (5). Hepatic and muscle glycogen values 
were estimated b}'' a modification of the Good, Kramer and Somogyi procedme (6). 

RESULTS 

Femoral Vein Infusion. Compared with the control group, adrenalin infusions 
resulted in a conspicuous rise in blood glucose and lactic acid levels. Hepatic glyco- 
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^en increased, and muscle glycogen diminished. Doubling the concentration of ad- 
renalin resulted in an approximately two-fold rise in blood glucose, but the blood 
lactic acid level showed no significant difference from the smaller dose. The muscle 
glycogen values were, however, lower. The rise in liver glycogen is presumably re- 
lated to the deposition of lactic acid released from muscle. 

Carotid Artery Infusions. The control group in this series showed greater 
changes than controls given saline intravenously. The operative procedure had, 
therefore, a greater general effect than infusion of saline into the femoral vein. The 
infusion of adrenalin resulted in a slight increase in blood glucose and lactic acid con- 
centrations. Muscle and liver glycogen values showed no conspicuous change. The 
findings do not support the postulate that the effects of adrenalin on carbohydrate 
metabolism are primarily mediated through any structure in the vascular territory 
of the carotid artery. 

Portal Vein Infusions. The control observations show that saline infused into 
the portal vein results in a slight increase in blood glucose levels. Muscle glycogen 
and blood lactic acid values are not altered. When adrenalin is infused, there is a 
slight but insignificant rise in blood sugar. Hepatic and muscle glycogen and blood 
lactic acid are not significantly altered. However, as the liver glycogen levels in 
both the test and control groups were rather low, the experiments were repeated on 
animals previously fed glucose (table i). This resulted in higher liver glycogen 
values. The results obtained were essentially similar to those found when the he- 
patic glycogen levels were low. 

Aortic Infusions: Abdominal Aorta. Control observations show that the opera- 
tion alone with infusion of saline produced little change in the distribution of carbohy- 
drate. The infusion of adrenalin into the abdominal aorta resulted in only slight 
glycemia. The change in hepatic glycogen was not significant. However, there 
was a conspicuous rise in blood lactic acid values and a fall in the level of muscle gly- 
cogen. The adrenalin had therefore resulted in glycogenolysis in muscle. Almost 
identical results were obtained when the dose of adrenalin was halved. 

Aortic Arch Infusions. Although adrenalin infused into the portal vein produced 
little effect on liver glycogen, it seemed possible that infusion into the hepatic artery 
might be effective. This procedure would offer great technical difficulties in the rat. 
However, infusion into the thoracic aorta would indirectly perfuse the hepatic artery 
through the coeliac axis. When this was done, the changes in blood glucose were not 
so great as perfusion into the femoral vein. The hepatic glycogen values were not 
significantly different from those of control values. Ligation of the abdominal aorta 
necessarily diminishes the vascular bed of the body. When this is taken into con- 
sideration, it seems that there is little difference between the changes in liver glycogen 
and blood glucose values produced by infusion of adrenalin into abdominal or tho- 
racic aorta or into the portal vein. Aortic arch infusion, however, produces very com- 
plex changes in the distribution of body carbohydrate. The anoxic state of the lower 
limbs has already been mentioned; the low muscle glycogen values in both test and 
control values reflects this anoxia. However, the obstruction produced by the Vinyl- 
ite tubing to blood flowing down the aorta was probably not very great. Histological 
sections of liver taken from control group animals at the conclusion of the experiment 
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Table i- Efpect of adeenaun infused into femoeax vein, caeoud aeteey, abdominai. or 

THORAaC aorta, AND PORTAL VEIN ON BLOOD GLUCOSE, BLOOD LACTIC ACID AND LIVER 

AND MUSCLE GLYCOGEN LEVELS 


SITE OF , 

lOTUElOK 

BOLT7TJON INrUSED 

CONCEN- 

TRATION 

NO. 

RATS 

BLOOD GLUCOSE 
mg/ioo UL. 

i BLOOD LACnC ACID 
UG/ioo UL. 

GLYCOGEN % 


Control Change 

Control Change 

Liver Muscle 

Femoral vein 

Saline 


6 

76 

1.1 ± 

2.6' 

23.6 

—7.2 ± 

3S7 =i= 

22.4 

504 ± 
26.9 


Adrenalin 

1:500,000 

6 

76 

37.0 ± 
2.8 

26.8 

8.3 ± 
2.6 j 

870 =h 
65.2 

41S ± 

14.2 


Adrenalin 

1:250,000 

7 

72 

74-3 ± 
8.8 

23-9 

1 

10.3 ± 

3-4 

477 ± 
28.1 

318 d: 
20. 7 

Carotid artery 

Saline 


6 

71 

7-3 ± 
3-3 

19-3 

- 3-1 ± 
1-7 

489 i 
48.2 

508 dr 
17.2 


Adrenalin 

i ! 

1 

11:250,000 

■ 

71 

30-0 ± 

2.9 

21,2 

3-1 ± 
0.8 

492 ± 
31.9 

449 

16,7 

Abdominal 

aorta 

i 1 

Saline 

j 


i 

j 

70 

3.6 ± 
3-1 

21 .9 

— 7-0 ± 
0.8 

442 db 

SI. 8 

469 rt 
19.8 

j 

Adrenalin 

1:500,000 

6 

73 

16.0 rfc 

4-2 

26.6 

13.7 ± 

5-4 

466 d: 
42.1 

313 

22.3 


Adrenalin 

I : 250, 000 

6 

74 

17.0 d= 

5-3 

23.6 

1 

10. 0 dri 

1 

2.2 

322 ± 
11-3 

326 rfc 
23.2 

Arch of aorta 

Saline 


5 

6 s 

3.8 ± 

I.O 

21.9 

—12.6 ± 

! 

2.2 

348 d: 
22.8 

253 ± 

39-1 


Adrenalin 

1 : 250, 000 

6 

66 

37-1 ± 
4-7 

19.9 

1 

— 6.0 db 
0.7 1 

274 ± 
26.5 

269 ri: 
23.8 

Portal vein 

Saline 


5 

64 

5.8 dr ! 
2.1 ' 

20.9 

-8.2 dr 
0,6 

188 dr 
24.2 

515 ± 

20.4 


Adrenalin 

I : 250, 000 

6 

66 

17*3 ± , 
2.8 

21.9 

*“8. 1 dr 

1. 1 

218 ± 
19.8 

485 dr 

18.7 

5 

Saline 


5 

83 

1 

7.6 d= 1 
2.2 1 

21.7 

- 4-5 ± 
0.7 

1613 ± 
43-8 

60s dr 

44-5 

2 

Adrenalin 

I : 250, 000 

5 

88 

13.0 ± 
3-5 

24.8 

— 7.2 zi: 

1.0 

TS98 ± 
j 52.8 

572 dr 

40.5 


^ Mean ± standard error of mean. * Animals given 5 ml. of 50% glucose solution by 
stomach tube 18 hours before the experiment. 
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showed no significant pathological changes. Any profound disturbance of the hepatic 
circulation, therefore, seems unlikely. 

DISCUSSION 

The infusion of adrenalin into a peripheral vein produced changes in carbohy- 
drate distribution compatible with those of other workers using similar dosage (7). 
However, when adrenalin was introduced into an artery or into the portal vein, quite 
different changes were produced. The substance was now delivered directly to the 
organ concerned. Adrenalin is destro5’’ed by tissues very rapidly and remains for 
only a short time in the blood stream. The liver probably has the greatest power of 
inactivation (8, 9). Intraportal or intra-arterial adrenalin would be e.xpected to 
cause changes in the territory of the vessel infused. The substance would then be 
destroyed in the tissues, and if the dose was not excessive, general effects would be 
minimal. 

In the case of the abdominal aorta, the above sequence of events apparently 
occurred. A direct action on the lower limb muscles resulted in glycogenolysis and 
consequent increase in blood lactic acid concentration. The adrenalin is infused only 
into the lower limb muscles, and the changes recorded in muscle are therefore more 
conspicuous than when the same dose is given intravenously. The slight rise in blood 
sugar is attributed to failure of tissue destruction of all the adrenalin, some passing 
into the general circulation. These direct effects of adrenalin on skeletal muscle in 
the rat are contrary to those described for man. The infusion of adrenalin into the 
femoral artery of man produces no change in the glycogen content of the ipsilateral 
gastrocnemius muscle, and the lactic acid content of femoral vein blood from the 
same limb is not increased (10). This discrepancy is not e.xplanable on the basis of 
dosage. The dose used in man, after one hour’s intravenous infusion, produced a rise 
in blood sugar of 52 mg/ioo ml. (ii). This compares well with the blood sugar 
changes recorded with intravenous infusion in the rat. Borysiewicz (12) injected 
adrenalin into the femoral artery of dogs and found a normal glycemic response but 
no change in blood pressure. Baudouin and coworkers (13) also in dogs, using the 
infusion technique, report that twice to four times the intrafemoral arterial dose of 
adrenalin was needed to produce the same glycemia as when given iotravenously. 
In neither of these papers were the blood lactic acid and muscle glycogen values 
recorded. 

The failure of adrenalin introduced into the portal vein to discharge liver glyco- 
gen, even when hepatic glycogen stores were adequate, was most unexpected. As 
adrenalin is readily destroyed by the liver, there was little effect on muscle glycogen. 
In dogs Borysiewicz (12) reported that the blood sugar rise is identical, whether the 
adrenaline is given into a peripheral or mesenteric vein, whereas Baudouin et al. (13) 
showed that twice the dose of intramesenteric venous adrenalin was needed to pro- 
duce the same rise of blood sugar as when given into a peripheral vein. Perfusion of 
the isolated dog’s liver with adrenalin is known to cause glycogenolysis (14, 15). 
None of these observations is readily comparable with the present work, the species 
used, the tjqje of anesthesia, the techniques of administration, and the dosage of 
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adrenalin being very different. Circulating adrenalin normally reaches the liver 
tlirough the hepatic artery. However, mixing with blood occurs in the hepatic sinu- 
soids, and it is with sinusoidal blood that the individual liver cells come in contact. 
However, infusion of adrenalin into the aortic arch so that the liver cells received tlie 
substance per via naturalis also failed to cause glycogenolysis. It seems that in the 
rat adrenalin does not exert a direct effect on liver glycogen. It might be postulated 
that the liver is affected secondarily to the changes in muscle. The failure of intra- 
aortic infusions to discharge liver glycogen even when the glycogenolysis in muscle is 
vigorous makes this unlikely. 

Adrenalm is believed to activate the anterior pituitary to release adrenocortico- 
trophic hormone (i6). As adrenalin infused into the portal vein failed to directly 
affect liver glycogen, it seemed possible that some effects might be mediated through 
the central nervous system or pituitary and adrenal cortex. However, infusion of 
the carotid artery with presumably delivery of a large amount of adrenalin directly 
to the brain failed to produce the effects obtained by infusion into the femoral vein. 
Moreover, the glycemic response to intravenous adrenalin is normal in hypophysec- 
tomized rats (7). The diminished metabolic response to adrenalin when the sub- 
stance is infused into the carotid artery is probably due to its destruction in 
the tissues of the head and neck, very little passing into the venous side to affect liver 
and muscle glycogen. 


SUMMARY 

Adrenalin infused into the femoral vein of adult male rats causes a diminution in 
muscle glycogen, an increase in blood lactic acid and blood glucose levels, and an in- 
crease in hepatic glycogen concentration. Adrenalin infused into the abdominal aorta 
caused a depletion of the glycogen of the gastrocnemius muscle with a rise in blood 
lactic acid, but little change in blood sugar or hepatic glycogen. Adrenalm infused 
into the arch of the aorta resulted in only slight glycemia with little effect on liver 
glycogen. Adrenalin similarly infused into the portal vein was without effect on 
hepatic glycogen, lactic acid, or muscle glycogen. The increase in blood sugar was 
small. Intra-carotid artery infusions of adrenalin resulted in only slight hypergly- 
cemia and lactacidemia with no significant cliange in muscle or liver glycogen. 

Adrenalin introduced into an artery is believed to be rapidly destroyed by the 
tissues into which it is delivered. It exerts a direct glycogenolytic effect on muscle 
but in the rat apparently has no direct effect on liver glycogen. 
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EFFECT OF HORMONES OF THE POSTERIOR PITUITARY 
ON TOLERANCE OF THE EVISCERATED 
RAT FOR GLUCOSE 
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From the Research Laboratories, The Upjohn Company 

KALAMAZOO, MICHIGAN 

S tudies from this laboratory (i) have shown that epinephrine can affect the 
glucose tolerance of the eviscerated rat and that the nature of the response is 
related to the experimental conditions. When glucose without insulin was 
administered to eviscerated rats, the addition of epinephrine did not affect glucose 
tolerance during the first 2 hours but during 24 hours there was an increase in glucose 
requirement. When glucose with insulin was administered to eviscerated rats, the 
addition of epinephrine caused a decrease in glucose tolerance within 2 hours which 
continued throughout 24 hours. In the present studies it was found that an extract 
of posterior pituitary affected glucose tolerance in the same manner as did epi- 
nephrine. A more highly purified preparation of the pressor principle of the posterior 
pituitary had similar effects and a preparation of the oxytocic principle which was 
not free from pressor activity had a relatively weak effect upon glucose tolerance 
when studied during a period of 2 hours. 

METHODS 

Male rats of the Sprague-Dawley strain were fed Archer Dog Pellets. At a 
weight of 185 to 205 grams, the inferior vena cava was ligated between the liver and 
kidneys in order to cause the development of a collateral circulation. Asepsis was 
preserved in this operation. When the animals reached a weight of 250 (±2) grams 
they were anesthetized (intraperitoneal injection of 18 mg. of cyclopentenyl-allyl- 
barbituric acid sodium) and eviscerated by the procedure of Ingle and Grifi&th (2). 

Solutions containing 0.9 per cent sodium chloride and varying concentrations of 
glucose (C.P. Dextrose, Merck) with and without regular insulin (Lilly) (4 u/ 24 hr./ 
rat) were infused into the saphenous vein of the right hind leg by means of a constant 
injection machine which delivered fluid from each of 6 syringes at the rate of 20 cc. 
in 24 hours. The glucose load is expressed as milligrams of glucose per 100 grams of 
rat per hour (mg/ioo/hr.). The infusions covered periods of 2 and 24 hours. 
Analyses of glucose by the method of Miller and Van Slyke (3) were made on jugular 
vein blood taken at the end of the infusion periods. 

The extracts of posterior pituitary were added to solutions of glucose and insulin 
which were given intravenously. The preparations tested were posterior pituitary 
extract (Upjohn) 20 i.tr. per cc,; pressor principle (Pitressin, Parke, Davis) 20 pressor 
units per cc.; and oxytocic principle (Pitocin, Parke, Davis) 10 i.tr. per cc. 

Received for publication January 14, 1949. 
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EXPERBIENTS AND RESULTS 

Experiment i (fig. i) was a stud}’' of the effect of posterior pituitary extract (Up- 
john) upon the glucose tolerance of the eviscerated rat. Twelve pairs of rats were 
represented in each group. 

Three groups of rats were given a glucose load of 64/ loo/hr. with insulin for a 
period of 2 hours. Dilutions of posterior pituitary extract of i, 2 and 4 parts per 100 
each caused a significant rise in the level of blood glucose as compared to that of the 
control animals. Two groups of rats were given a glucose load of 16/ loo/hr. without 
insulin for a period of 2 hours. Dilutions of posterior extract of i and 2 parts per 100 
had no significant effect upon the level of blood glucose. Two groups of rats were 
given a glucose load of 40/ loo/hr. with insulin for a period of 24 hours. Dilutions of 
posterior pituitary extract of i and 2 parts per 100 each caused a significant rise in 
the level of blood glucose as compared to that of the control animals. 



Fig. I. Effect of poste- 
MOR prrmTARV extract upon the 
level of blood glucose at the end 
of the infusion period. Averages 
and range. Twelve rats per group. 


One group of rats was given a glucose load of 4/100/hr. without insulin for 24 
hours, A dilution of posterior pituitary extract of i part per 100 caused a significant 
decrease in the level of blood glucose as compared to that of the control animals. A 
second group of rats was given a glucose load of 8/ioo/hr. without insulin for 24 
hours. A dilution of posterior pituitary extract of 2 parts per 100 caused a significant 
suppression of the blood glucose level as compared to that of the control animals. 

Experiment 2 (fig. 2) was a study of the effect of the pressor and ox}’-tocic prin- 
ciples upon the glucose tolerance of the eviscerated rat. Twelve pairs of rats were 
represented in each group. 

Three groups of rats were given a glucose load of 64/ loo/hr. with insulin for 2 
hours. Dilutions of pressor principle of i, 2 and 4 parts per 100 each caused a signifi- 
cant rise in the level of blood glucose as compared to that of the control animals. 
Tluree groups of rats were given a glucose load of 64/ loo/hr. with insulin for 2 hours. 
Dilutions of the ox}’’tocic principle of i, 2 and 4 parts per 100 each caused a small but 
definite rise in the level of blood glucose as compared to that of the control animals. 
After demonstrating that the preparation of the oxytocic principle had an effect upon 
glucose tolerance similar to that of the pressor principle, this preparation was assayed 
for its effect upon the blood pressure of the cat. According to this criterion the prep- 
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aration of oxytocic principle used by us contained approximately 20 per cent as much 
pressor principle per unit volume as did the preparation of the pressor principle. 

Each of the 3 preparations of posterior pituitary hormones used in this study 
contained 0.5 per cent of chlorobutanol as a preservative. Twenty-four pairs of 
eviscerated rats were given 64/iod/hr. of glucose with insulin for 2 hours. The in- 
fusion fluid for one rat of each pair contained chlorobutanol in a concentration of 0.02 
per cent which equaled the highest concentration in the dilutions of posterior pituitary 
preparations. The average blood glucose value for the rats receiving chlorobutanol 
was 104 mg. per cent as compared to the average of in mg. per cent for the con- 
trol animals. It was therefore concluded that chlorobutanol was not the cause of 


Fig. 2. Effect of the pres- 
sor and oxytodc fractions of poste- 
rior pituitary extract upon the level 
of blood glucose at the end of 
two hours of infusion. Averages 
and range. Twelve rats per group. 
Glucose load of 64/roo/hr. with 
insulin. 
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the rise in blood glucose when posterior pituitary preparations were administered 
under identical conditions. 


DISCUSSION 

These studies show that posterior pituitar}^ extracts affect the glucose tolerance 
of the eviscerated rat in the same manner as does epinephrine (i). WTien glucose 
without insulin was administered to eviscerated rats for a period of 2 hours, the addi- 
tion of posterior pituitary extract did not have any significant effect upon the level 
of blood glucose but during a period of 24 hours the addition of posterior pituitary 
extract caused a significant suppression of the level of blood glucose. When glucose 
with insulin was administered to eviscerated rats, the addition of posterior pituitary 
extract caused a significant rise in the level of blood glucose during periods of 2 and 
24 hours. 

The preparations of pressor and oxytocic principles were tested only in 
eviscerated rats given a glucose load of 64/ioo/hr. with insulin for a period of 2 hours. 
The preparation (Pitressin) which was high in pressor activit}'' caused a marked rise 
in blood glucose just as did epinephrine (1) and posterior pituitarj'- extract (exp. j). 
The preparation of o:j^''tocic principle (Pitocin) had a less marked effect which roughly 
paralleled the extent of its contamination with the pressor principle. 

The mechanism whereby these principles which act upon smooth muscle also 
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afiect glucose tolerance is not known to us. The problem is made more complex by 
the fact that direction of the response is reversed by the presence or absence of in- 
sulin. Also, it is not known whether the effects of these hormones upon glucose tol- 
erance in the eviscerated rat represent physiological mechanisms of action or whether 
they should be considered as pharmacologic responses. 

SUMMARY 

Eviscerated rats were infused intravenously with glucose wnth and without in- 
sulin for periods of 2 and 24 hours. When glucose without insulin was given, the 
addition of posterior pituitary extract did not have a significant effect upon glucose 
tolerance within 2 hours but during a 24-hour period there was a significant suppres- 
sion of the level of blood glucose. ^Vhen glucose with insulin was given, the addition 
of posterior pituitary extract caused a significant rise in the level of blood glucose 
during periods of 2 and 24 hours. 

Preparations of the pressor and oxytocic principles with insulin were tested in 
eviscerated rats during a period of 2 hours. The preparation of the pressor principle 
caused a marked rise in blood glucose. The preparation of the oxytocic principle 
had a less marked effect which roughly parallel the extent of its contamination with 
the pressor principle. 
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EFFECT OF METABOLIC INHIBITORS ON MEMBRANE 
POTENTIALS IN THE SYNOVIALIS OF THE DO& 


NORMAN R. JOSEPH, C. I. REED, ERVIN KAPLAN and IRVING E. STECK 
From the Departments of Chemistry, Physiology and Medicine, University of Illinois 

CHICAGO, ILLINOIS 

A PREVIOUS report (i) on the electrochemical properties of synovial tissues 
was concerned with the diffusion potentials observed with many ions 
relatively inactive with respect to tissue metabolism. The evidence for 
their inactivity included the agreement within reasonable limits of the observed 
membrane potentials with those estimated from the aqueous mobilities of the ions. 
The calculations were based on the theories of Planck (2) and of Henderson (3) on the 
nature of potentials at diffusion boundaries. In agreement with theory were the 
potentials of the alkali and alkaline earth chlorides, the potentials of NaCl in re- 
lation to its concentration, and the potentials of bromide, sulphate, salicylate and 
benzoate ions. Among the halogens, only iodide ion was found to deviate greatly 
from the potential estimated from its aqueous mobility. These results, with those 
on thiocyanate and some salicylate derivatives, appear to indicate, at least in part, 
metabolic reactivity rather than diffusion effects. 

The investigation has been continued wdth the purpose of revealing the effect on 
the membrane potential of substances which have well-defined effects on metabolism 
such as inhibitors or activators of various types. By altering in a known manner the 
pathways of oxidation-reduction processes through known enz3Tne systems, such as 
the Warburg-Keilin system (cytochrome-cytochrome oxidase), the relation of the 
processes to the observed potentials may be determined. Conversely, unknown or 
hypothetical metabolic processes may be found, and their relative importance 
established by reference to the membrane potential as a criterion. It is our purpose 
to determine the nature of the relation of the membrane potential to metabolism. 

EXPERIMENrAL 

The method of determining the synovial membrane potential in the knee joint of 
dogs has been described (i). A slight modification has been introduced to permit du- 
plicate determinations on both knee joints with one pair of saturated KCl-calomel 
electrodes, rather than the two pairs of Ag-AgCl electrodes previously employed. 
This procedure eliminates the need of correcting small errors due to differences in 
the reference electrodes. The indicator electrode was connected to approximately 
isotonic (0.15 m) solutions within the joint cavity by means of the technique pre- 
viously described. By using an extension bridge of saturated KCl, this electrode 

Received for publication December 28, 1948. 
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was connected to the solution being observed in either joint. The subcutaneous 
needle was filled with NaCl solution (0.15 m), and connected to a sjuringe barrel con- 
taining the same solution. These were connected to the reference calomel electrode 
by means of a saturated KCl bridge. In most experiments the procedure was to 
vary the solutions within one joint cavity, making EMF readings with every solution 
with time. The other joint w'as used as a control with NaCl (0.15 m). Later the 
observations were repeated on the control joint. 

With a given solution, the fluid was aspirated and replaced a sufficient number of 
times to yield fairly stable, reproducible potentials. With numerous reagents, 
drifting potentials were obtained, but these usually reached a fairly steady state, 
often passing through a maximum or minimum value near which the potentials were 
stable. The behavior of these potentials w^as roughly characteristic of each inhibitor 
or activator. The most reproducible features were the levels at which the initial 
potentials appeared, the levels at maxima or minima, and the final stable levels 
which developed after long exposure. Differences of these levels between various 
inhibitors were generally of a larger order of magnitude than tlie range of potentials 
over which any drift occurred. 

All inhibitor or activator solutions were made up to isotonic strength with NaCl. 
The sodium salts of the following substances were included: cyanide, sulphide, azide, 
malonate, o-iodobenzoate, iodoacetate, thioglycolate, fumarate, succinate, iodide, and 
thiocyanate. Cations included ferric, cupric, mercuric and hydrosylamine, intro- 
duced as the chlorides. Neutral substances included thiourea, urea, thioracil, 
hydrogen peroxide and molecular iodine. The effects of methylene blue also have 
been observed. 

The experimental results are presented in tables i to 5, in which the reagents are 
classified according to the following types: i) inhibitors of cytochromeoxidase; 
2) thiols; 3) heavy metals and other sulfhydryl inhibitors; 4) inhibitors and acti- 
vators of succinic dehydrogenase; and 5) electron acceptors from cytochromeoxidase. 
Of course, most active substances fall into more than one group. Regardless of this 
fact, the classification is convenient and a useful first approximation, but it represents 
what appears to be the most predominant effect of the substance rather than the 
totality of its effects. The potentials which are given represent the averages selected 
according to some characteristic indicated in the tables. These are usually the initial 
potentials, or the most stable final potentials, depending on which characteristic 
is the more reproducible. 

Theoretical Considerations. The membrane potentials which have been observ'ed 
fall into two distinct classes. Those produced by the alkali and alkaline earth cations, 
by chloride, bromide, sulphate and other anions, are of the order of plus or minus 10 
millivolts or less, compared with NaCl at isotonic concentrations. They are of the 
sign and magnitude predicted by the Planck-Henderson theory of diffusion potentials 
taking accepted values of the relative ionic mobilities and Hittorf transference num- 
bers, as determined from conductance and transference data in aqueous solution (i). 
The potentials produced by cyanide, sulphide, ferric, cupric and other ions, known 
to act asmetabolic inhibitors or activators, are of a much larger order of rriagnitude, 
greater than 400 millivolts in some cases, even at low concentrations compared with 
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the isotonic NaCl present in the solutions. The theory of diffusion potentials does 
not account for potentials of that order of magnitude under the conditions of the 
experiments. These potentials are to be classed as metabolic potentials, as distin- 
guished from the diffusion potentials observed with metabolically inactive ions. 
In every case both factors, ionic mobility and metabolic effect, contribute to the 
observed potential, but the metabolic effect, when present, results in a potential that 
may be of a greater order of magnitude. In order to relate the experimental results 
to known effects of the inhibitors and activators, the following considerations are 
presented. Boundaries between two oxidation-reduction systems may be imagined 
to approach either of two limiting conditions: i) boundaries at which occur oxido- 
reductions involving electron exchange but not ionic transference; and 2) those at 
which ionic transference takes place, but not electron exchange. The first will be 
termed ‘boundaries without transference’. This type is exemplified by the model 


K,Fe(CN)6,j, K4Fe(CN)6,^ | Pt i &Fe(CN)6,,, K,Fe(CN)e,^ 

in which platinum is the only connection between the solutions. When the potential 
difference is measured with a pair of identical KCl calomel electrodes connected to 
the two solutions, the electrochemical process is the reduction of ferricyanide and 
oxidation of ferrocyanide in the solution of lower redox potential. In the othersolu- 
tion the reaction goes in the opposite direction. The electromotive force, E, is 
given by the relation 


E = 


RT ai a* 
— In — 
F ajHj 


(r) 


R’denotes the gas constant, T the absolute temperature, and F the Faraday electro- 
chemical equivalent, 96,500 coulombs; while a denotes the thermodynamic activity 
of an ion at the concentration c. In other words, the boundary potential can be calcu- 
lated as the difference between the redox potentials of the two solutions measured 
individually. Thus 

E = Et -E, = E.t ( 2 ) 

where E* and Et are the potentials at the electron source and terminal, respectively. 
The former represents the redox potential of the reducing solution and the terminal 
potential refers to that of the oxidizing solution. 

The mechanism by which electrochemical oxidoreductions in tissues occur with 
electron exchange at boundaries will be assumed to be that of aerobic respiration 
over the cytochromes. Within recent years it has been generally accepted that this 
process involves the alternate oxidation and reduction of the individual ferro- and 
ferri-porphyrin enzjunes, whereby electrons originating in the substrate first reduce 
one of the acceptor components, eventually reducing ferri-cytochrome oxidase, the 
respirator}’- enzyme of Warburg, and being accepted by molecular oxygen (4). 
Unlike many other enzjmes, the cytochromes with the exception of the component c 
are quite insoluble. All occur predominantly as part of the insoluble structures of 
cells and tissues. The process of aerobic respiration over the system can be regarded, 
accordingly, as a mechanism involving the conduction of electrons from substrate to 
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oxygen rather than as one in which the iron enzymes migrate. Szent-Gyorgyi (5) has 
described this as a series of quantum jumps, involving definite energy levels in the 
cytochrome system, and producing corresponding quanta of radiant energy. A 
somewhat related conception of electron conduction in other iron porphyrins has been 
developed (6). With the cytochrome system as conductor, a biological phase bound- 
ary at which tissue respiration occurs, can be represented as a boundary without 
transference analogous to the model. The electron source is the substrate, yielding 
electrons to cytochrome b, c or a in order of increasing standard potentials. The 
terminal is the oxygen- ferro- ferricytochrome oxidase system. The source, cyto- 
chrome b, for example, is represented in the model by ferrocyanide, and the terminal, 
cytochrome oxidase, by ferricyanide. The platinum conductor corresponds to the 
electron conducting system, represented in the tissues by the cytochromes acting as 
a whole. 

As a next approximation the other limiting case, that of ionic transference, is 
considered. A ‘boundary with transference’ is exemplified by the model 

K,Fe(CN)« 1 ! K^FeCCN)* 


where the double vertical lines represent an unspecified type of boimdary between 
the oxidized and reduced ions. Processes involving electron exchange independent 
of ionic diffusion are excluded. The potential at such a boimdary may be one of 
several types: diffusion (2,3) ; oil phase (7), or membrane with selective permeability 
(8). In any case the potential is determined primarily by the mobilities or trans* 
ference numbers of the various ions without regard to the redox potentials. The 
electrical resistance at such a boundary is low in the case of a diffusion boundary, 
high in the case of an oil-phase boundary. 

An electrochemical model applicable to tissues should include the properties of 
both models, with and without transference. Such a boundary will be termed a 
‘boundary with partial transference.’ In particular it will be considered to have a 
high resistance. Earlier measurements have indicated the resistance of the synovial 
membrane to be of the order of 100,000 ohms (i) . To illustrate some of the properties 
of the boimdary with partial transference, the potentials of the following system were 
determined: 


NaCl K,Fe(CN)s K4Fe(CN)6 
(0.12M) (ci) (cs) 


Pt K,FeCNs KiFeCNe NaCl 
guaiacol (cj) (c<) (0.12M) 


The two solutions were separated by a layer of guaiacol of variable thickness. 
They were connected by a platinum wire, serving as electron conductor. The potential 
was measured by means of identical saturated KCl calomel electrodes making liquid 
junctions with the two solutions. The ratio of concentrations Ci to ca was lo.o and 
that of C3 to C4 was o.i. The total concentration of ferro- plus ferricyanide was 
0.02 M in each solution. The theoretical EMF of the boundary without transference 
at 25°C. is 


E = 0.05915 log 


Cl C4 
C: Cl 


= 118.3 millivolts 
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where concentrations are used instead of activities. This is approximately correct, 
because the ionic strengths of the two solutions are very nearly the same. 

Measurements of this system gave 116 mv. for a thick guaiacol layer. As the 
thickness of the layer was continuously decreased, the potential difference fell contin- 
uously to a value of approximately 50 mv. for a thin film of guaiacol, at which point 
the potential broke and approached zero. For a cellophane membrane of much lower 
resistance, the potential difiference was 3 mv. Thus the potential difference of a 
boundaiy with partial transference can be made to approach that of a boundary with- 
out transference when the conduction is made vanishingly small. For this case 
equation 2 determines the boundary potential. 

In applying these principles to the experimental results, the following definitions 
are introduced. The mean source potential, Es, is defined as the mean potential 
at which electrons are accepted by the cytochromes from substrate via enzymes and 
carriers. At a given instant it is the potential averaged over all electrons, each of 
which is assumed to enter the cytochrome system at a potential which varies from 
point to point and from instant to instant. The mean is taken over all acceptor 
cytochromes, normally b, c, and a. Ea is related to Es, the source potential at a 
point by the relation 

ni E» = J Bb dE, ( 3 a) 

where Ob is the number of electrons accepted at the source potential Ea in a small 
time interval during which a total of ni electrons are accepted. It may be presumed 
that the relation of Hb to Es is of the nature of a Maxwell-Boltzmann distribution 
function. The integral is applied over aU cytochrome enzymes £hat accept electrons. 

Similar definitions apply to the mean terminal potential, Et, which is averaged 
for electrons being accepted by oxygen or other terminal acceptors. Normally the 
average is to be taken over all electrons leaving the system via cytochrome oxidase. 
Thus 

njEt — 

where nt is the number of electrons donated at the terminal potential Et by ferro- 
cytochrome oxidase to an acceptor during a short time interval in which 112 electrons 
are transferred to the acceptor. Et is assumed to vary from point to point over the 
terminal cytochrome and from instant to instant. The integration is over all elec- 
trons leaving the system. 

The mean difference of cytochrome potential is accordingly given by 

E,t = Et - E. (4) 

and is determined by the mean potentials at which electrons enter and leave the 
system. Normally it depends, for example, on the ratio of electrons accepted by 
cytochromes b and c, and on the average ratio of ferri- to ferro-cytochrome oxidase. 

In the experiments on the S3movial membrane, it has appeared permissible to 
assume in most cases that the inhibitors and activators affect metabolism only on 
one side of the membrane, the joint cavity side where the solutions are introduced. 



68 


JOSEPH, REED, KAPLAN AND STECK 


Volume 157 


On the other side, under the conditions of the experiments, the cytochromepotentials 
are evidently not seriously changed. Treating the membrane as two boundaries 
without transference, the membrane potential Em can be represented by 

Em — E«t2 “ E,ti C?) 

where Eato, the mean diSerence of cytochrome potential on the unaffected side of 
the membrane, can be regarded as a constant. Estj is the mean difference of cyto- 
chrome potential at the inner boundary of the membrane. The equation includes 
only the large metabolic terms in the potentials, neglecting the much smaller diffusion 
potentials. Variations of the membrane potential due to experimental factors are 


TO POTDrnOMETER 



ELECTRON 

SOURCE 



Fig. I. Diagrau ii,i,trsTRATiNG ELECXRiCAi. PROPERTIES of the synovial membrane in relation 
to some of the enzyme systems. Approximate standard potentials of enzymes arranged in vertical 
series with hydrogen and electron transport proceeding from low to high potentials. Electrons are 
separated from hydrogen at a mean potential, defined as the mean source potential. They are sepa- 
rated from the cytochrome system normally by_ox}^gen at a higher level, defined as the mean terminal 
potential. The mean difference of potential, Eat, depends on the nature of activation or inhibition 
at the source or terminal. One of the two approximately equal and opposite differences of potential 
can be varied experimentally by treating one side of the membrane •uith metabolic inhibitors or acti- 
vators. The horizontal resistances in the electrical diagram denote electrolytic resistance which 
depends on ionic transference. The greater this resistance, the more nearly the limiting case of the 
botmdary without transference is approached. 


thus attributed to changes of Eat,. The nature of these changes are now to be 
considered, bearing in mind the fact that equation 5 is applicable only when trans- 
ference is small. 

In figure i, the redox potentials of several respiratory enzymes are represented 
in amanner which indicates their functioning in hydrogen or electron transport systems. 
All enzymes and carriers functioning at potentials in the range from that of cyto- 
chrome b down to —420 mv., the potential of the hydrogen electrode at ps 7, 
are involved in processes of hydrogen transport, consisting of successive hydrogena- 
tions and dehydrogenations. Such processes depend on the exchange of atomic or 
free radical hydrogen, which can be regarded as an electron plus a proton. The 
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reversible redox potentials of such enzymes as the pyridine nucleotides (coenzymes) 
and flavo-proteins depend on pK according to the thermodynamic equations derived 
for hydrogenations by Clark (9) and by Michaelis (10) and others. The same is 
true of the potentials of metabolites and carriers involved in dehydrogenations. 
These hydrogen transport systems, predominantly soluble components in the liquid 
phase, have long been regarded as constituents of the 'accessory respiratory systems’ 
(ii). They are distinguished from the cytochrome system, which is involved only 
in electron transport rather than hydrogen transport, and which occurs predominantly 
in insoluble structures. The two processes are to be distinguished, in the interpre- 
tation of results, by some correlated facts. The separation of electrons from protons 
(hydrogen ions), which occurs at the cytochrome source potential level, leads to 
differences of potential arising from the independent mobility of electrons and hydrogen 
ions, the latter combining with various buffers and diffusing slowly in the liquid 
phase. The electrons, on the contrary, are conducted rapidly along the solid struc- 
tures containing the insoluble cytocliromes. 

In addition, the cytochromes are distinguished from the hydrogen transport 
systems by the fact that their standard redox potentials are independent of the ^h, 
as is to be predicted for redox systems that react only by electron exchange (9, 12). 
For these reasons the cytochrome system can be conceived as an electron conductor 
which carries a steady current and in which there is normally maintained a steady 
potential gradient. Oxidoreductions occurring in the auxiliary system involve the 
simultaneous transport of electrons and protons, and lead to no potential differences 
or currents. The reactions involve essentially only diffusion and molecular collisions 
resulting only in transport of hydrogen. Figure i illustrates the operation of two 
parallel circuits corresponding to two oppositely directed metabolic gradients in the 
membrane, indicating how the source and terminal potentials may be varied by in- 
hibitors or activators. _ 

The mean cytochrome potential difference, E,t, represents a difference of energy 
levels between electrons entering and leaving the system. The application of this 
concept to a few cases is illustrated b)’- the energy-level diagram of figure 2. The 
levels for cytochromes b and c are taken from the values determined by Ball: cyto- 
chrome h, E“ = —0.040 volts and cytochrome c, E° = 0.27 volts (13). Other values 
for cytochrome c are 0.254 and 0.272 (14, 15), The value of E° for cytochrome oxi- 
dase has not been reliably determined, but Ball estimates it to be of the order of + 0.500 
volts (12). That it is somewhere between -{-0.290 volts, the value of E° for cyto- 
chrome a (13), and -f ,800 volts, the value for oxygen, is all that is known with 
certainty. Accepting provisionally the above values for cytochrome b and c^do- 
chrome oxidase, it follows that Eat = 540 mv., if Ea and Et are set equal to the stand- 
ard potentials of cytochrome b and cytochrome oxidase. This is equivalent to the 
assumption that the mean source potential corresponds to that of half oxidized 
cj’^tochrome h, and that the mean terminal potential corresponds to that of half- 
oxidized cytochrome oxidase. If an appreciable fraction of the electrons enter the 
conducting S3^stem at the cj'tochrome c level, Egt would have a smaller value, because 
the source potential would be shifted toward the terminal potential. Figure 2 rep- 
resents the potential levels in the cytochrome system, corresponding to cytochromes 
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h and c, and cytochrome oxidase. Each of the components is represented in its 
standard state (half oxidized, half reduced), in an oxidized state (90%), and in 
reduced state (90%) . The displacement of each of these is 60 mv. from the standard, 
positive for the oxidized level, and negative for the reduced. This highly simplified 
schema permits one to visualize roughly the effects of metabolic inhibitors or activators. 
The diagram represents 3 substances with entirely different effects, each compared 
with the normal difference in energy level. The inhibitory effect of cyanide on cellu- 
lar respiration has been explained as resulting from its combination as an iron complex 
with cytochrome oxidase (4). The cyanide-enzyme complex is no longer able to 
transfer electrons from the other cytochromes to oxygen. Accordingly, on the 
energy level diagram, an arrow from the cytochrome h level to the cytochrome c 
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Fig. 2. Energy ievels m the cytochrome system, based on values for ^e standard poten- 
tials of the cytochrome components. The length of each arrow is proportional to E,t, the mean differ- 
ence of potential between source and terminal. The values illustrated are for cyanide, hydrogen 
perojdde, sodium fumarate and the normal untreated tissue. 


level represents the mean potential difference, Egtj which amounts to 300 mv., com- 
pared with the normal difference of 540. According to equation 5, E„ = 540 — 300, 
or 240 mv., a value which is uncertain because of the uncertainty of E® for cyto- 
chrome oxidase. The observed average (table i) is 180 mv. The calculated value, 
however, should be approached only for an ideal botmdary without transference. 
The actual system more probably corresponds to a boundary with partial transfer- 
ence. Similar considerations apply to all other cases. 

The other examples shoum on the energy level diagram (fig. 2) are explained 
as follows. Hydrogen peroxide, as an electron acceptor or as a source of molecular 
oxygen formed by the action of catalase, oxidizes cyt^hrome oxidase, increases the 
mean terminal potential, Et, and also the value of Est- According to equation 5 
this leads to a negative value of the membrane potential, in contrast with the effects 
of cytochrome oxidase inhibitors- Fumarate ions stimulate the rate of aerobic metab- 
olism (16, 17). According to Szent-Gyorgyi, the effect occurs at the succinic {dehy- 
drogenase level, where electrons are transferred to ferri-cytochrome b, and hydrogen 
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ions are formed from the substrate. On the energy level diagram, the effect can be 
represented by indicating the source potential as that of partially reduced cytochrome 
b, the terminal potential remaining at or near its normal level. The use of the diagram 
in such cases is qualitative and descriptive only as a first approximation. Quite 
probably in any actual process both source and terminal potentials vary. 


Table i. Cytochrome oxidase inhibitors and methylene blue 


iNBiBrroii 

NO. EXPER. 

COKC.l 

^ ~ %acl 

CHAEACTEEISTICS 


NajS 

8 

mol/l. 

0.015 

atr. in fnu. 

+350 

Maximal initially. Drifts negative. 

Be- 

NajS -f leuco 

i 

6 

o.ois 

+350 

comes negative after replacement with 
isotonic NaCl. 

Stabilized by dye. 

methylene blue 
(0.01%) 

Na2S -h oxidized 

6 

1 

O.OIS* 

-{-270 

Stabilized by dye. 


methylene blue 
(0.1%) 

NaCN 

1 

6 

0.03 

+180 

Stable maximum after short exposure. 

Re- 

NaCN + oridized 
methylene blue 

Na Azide 

4 

4 

0.03 

0.03 

+ 180 

■f”6o 

versible with NaCl (2-3 washings). 

Reversible with NaCl. 


Hydroxylamine hy- 

4 

0.03 

+80 

U it 


drochloride 
Methylene blue 

(0.01%) 

6 


+6 

i 

(( (C « 



^ Minimum concentration required to develop given potential. All solutions made isotonic 
with NaCl. 

* Solution prepared by aerating leuco dye + NajS. 


INTERPRETATION OF RESULTS 

In the following paragraphs, the experimental results of tables i to 5 are dis- 
cussed with reference to the known effects of the substances as inhibitors or activators. 
As a basis of discussion, the variations of potential will be represented by eqitalion 
5 and by the energy level diagram of figure 2. The observed potentials should cor- 
respond to those represented in the figure only in the case of boundaries without 
transference. All other potentials require correction due to ionic conductance across 
the membrane. 

Cytochrome Oxidase Inhibitors {Table j). A comparison of the effects of sodium 
cyanide and sodium sulphide at various concentrations is shown in figure 3. The 
effects of methylene blue on both inhibitors are also shown. The results in table i 
include also the effects of azide and hydroxylamine. All these inhibitors have been 
recognized to be specific for cytochrome oxidase, preventing the passage of electrons 
from the other cytochrome components to oxygen (4, 12). It is important to observe 
with these inhibitors that the maximal effects on the potential occur at higher concen- 
trations (0.0x5-0.03 it) than are necessary to cause practically complete inhibition of 
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cellular respiration (o.ooi m). At these lower concentrations the membrane potential 
with cyanide or sulphide is of the order of 20 or 30 mv., compared with the maxhnal 
of 150 to 400 mv. developed at higher concentrations. There is, accordingly, no 
direct proportionality between the inhibition of oxygen consmnption and the membrane 
potential produced by one of these substances. Therefore, E,t does not necessarily 
indicate the rate of flow of electrons over the cytochromes. This rate corresponds 
to n2 of equation 3b, which is the number of electrons yielded to oxygen per imit of 
time. As no approaches zero for complete inhibition at low concentration, Em shows 
no corresponding approach to a maximum (fig. 3). This fact can be expressed by 
the statement that the ratio Eat/nj becomes maximal in the presence of the inhibitor. 
As this is the ratio of a potential difference to a current, it can be taken to express 
resistance in the cytochrome system. Thus the effect of the inhibitor can be repre- 



Fig. 3. Relation between membrane potential and concentration of inhibitor for cyanide 
and sulphide inhibition. Results given both in presence of methylene blue and in its absence. All 
solutions made isotonic ■with NaCl. 

sented as a large increase of this resistance. For complete inhibition of tissue respira- 
tion, Eat is essentially a static difference of potential; for normal tissue respiration 
it is a difference of potential maintained with a constant electron current, as long as 
the metabolic rate is constant. 

To describe, by means of the energy level diagram, the effect of NaCN, the 
terminal potential Et has been represented as dropping from its assumed normal level 
of 500 mv. to the cytochrome c level, 260 mv. Ball has favored the h3rpothesis that 
cytochrome oxidase reacts with its inhibitors to form complexes with lower standard 
potentials than that of the free enzyme (12). The potential of each complex is 
specific. For example that of the azide complex is considered higher than that of 
the cy^anide complex. The experimental results on membrane potentials can be inter- 
preted from this point of -vdew, the maximum potential obtained with cyanide being 
found roughly to correspond to a terminal potential at the cytochrome c level. As 
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previously explained, allowance must be made for the effects of transference on the 
observed potentials. 

Typically, the effect of sulphide on the membrane potential is considerably 
greater than that of cyanide. In the presence of oxidized methylene blue, the poten- 
tial of sulphide tends to approach that of cyanide at the same concentration. Methy- 
lene blue has little or no effect on the cyanide potential curve (fig. 3). The effects 
can be interpreted in the following wa3^ In the presence of sulphide, Et corresponds 
to a level for greatly reduced cytochrome c. Oxidized methylene blue tends to re- 
oxidize the reduced cytochrome c to a level nearer that occurring in cyanide inhibition. 
An enzyme, cytochrome peroxidase, which catalyzes the oxidation of cytochrome c by 
hydrogen peroxide has been described (18). Methylene blue, as an intermediary 
carrier from metabolites to oxygen, forms hydrogen peroxide. This auxiliary path- 
way does not appreciably change the terminal potential in the case of cyanide inhibi- 
tion, presumably because the cytochrome c is at a more oxidized level. The cyto- 


Table 2. Effects of thiols 


THIOL 

NO, EXPER. 

CONC.» 

E — 

CEASACTEEISTICS 



mol./l. 

av* in mv. 


Thiourea 

8 

0.03 

+220 

Maximum after 3-5 min. Reversible with 
NaCl. 

Urea i 


°-°3 

+4 

Reversible 

Thiouracil 


0,01^ 

+50 

Maximum after 3-5 min. Reversible. 

Glutathione 


0,01 

—10 

Reversible. 

Sodium thiogly- 
colate 

8 

0,03 

1 

+170 

j 

Maximum after 3-5 min. Reversible, 

1 


^ Minimum concentration required to develop given potential. All solutions made isotonic 
Avith NaCi. 

- Limited by solubility. 


chrome peroxidase system is a possible mechanism for maintaining the cytochrome c 
potential level, but one which is not sufficient to compete with the strong reducing 
action of the hydrosulphide ion. Wieland and Sutter (19) have demonstrated the 
inactivation of peroxidase by sulphide. Thiols, such as thioglycolic acid, produce 
high positive membrane potentials, which also appear to be explicable as reducing 
action at the cytochrome c level. 

Rffects of Thiols {Tabic 2). With the exception of glutathione, none of the thiols 
included in table 2 is a natural constituent of biological fluids. Urea is included in 
the table for comparison with thiourea. Thioglycolate, thiourea and thiouracil 
all show high positive potentials. All are metabolic inhibitors. Glutathione, how- 
ever, shows a small negative potential. The effects of the thiol inhibitors can be 
interpreted as the transport of electrons to the cytochrome c level rather than to 
cjTochrome b. The inhibitors thus compete with normallyactive enzymes and carriers, 
carrying the electrons to a higher source potential. Ea then tends to approach the 
cytochrome c potential, which is approximately 300 mv. higher than that of cyto- 
chrome b. Observed potentials with thiourea and thioglycolate are often greater 
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than 200 mv. Thiouracil shows smaller effects, but is only slightly soluble (o.oi m). 
Partial transference again must be considered to affect the results. As the first 
approximation, however, the results can be expre^ed by means of equation 5 or the 
energy level diagram where the source potential, Eb, is taken as more positive than 
normal. This type of inhibition differs from the cyanide type in which the terminal 
potential is taken as less than normal. Both effects result in high positive observed 
potentials. 

Beavy Metals and Other Sulfhydryl Inhibitors {Table j). Heavy metals influence 
metabolism in numerous ways. They combine with the sulfhydryl groups both of 
enz5mies and of thiols such as glutathione (20,21). They are very active catalysts 
for oxidoreductions involving thiols, and accordingly affect the pathways of the 
respiratory systems. In addition, they are involved in other types of complex systems, 


Tabix 3. Heavy metals and other sulfhydryl inhibitors 


INHIBITOK 

UO. EXPEH, 

CONC.* 


CHAEACTEEISnCS 

CuCh 

1 

12 

moL/L 

0*00075 

cv. in fnv, 

+ 180 

Stable for several min. Difficult to reverse 

FeCU 

8 

0.0075 

-4-220 

with NaCl. Reversible with 0.4% gluta- 
thione in NaCl. 

Initial maxima which drift toward negative. 

HgCli 

6 

0,00075 

-4-180 

Reversible with several washings in NaCl. 
Easily reversed with 0.015 M Na pyro- 
phosphate. 

Difficultly reversed. Reversible with gluta- 

p chlormercuribenz- 

6 

0.003 

1 

- 1-50 

(0.4%) 

Maximum in 4-5 min. Reversible with 

oate 

Na o-iodibenzoatc 

6 

0.00075 

-fioo 

NaCl. 

Maximum in 4-5 min. Reversible with 

Na iodoacetate 

S 

0.015 

-j-IOO 

NaCl. 

Develops rapidlj'. Reversible with NaCl. 


^ Minimum concentration necessary to develop pven potential. All solutions made isotonic 
with NaCl. 


such as the iron enzymes, catalase, peroxidase and the cytochromes, as well as the 
copper containing protein complexes, hemocuprein and hepatocuprein (22). F urther 
indications of the complexity of their behavior are given by the results of Ames, 
Ziegenhagen and Elvehjem (23) who have found that various inhibitors are specific 
for iron and copper, as well as for various respiratory enzymes. Substances that 
inhibit iron retard the oxidation of ascorbic acid, copper inhibitors impede the oxi- 
dation of glutathione, while the oxidation of succinate depends on both. Cytochrome 
c catalyzes the oxidation of these substrates, the oxidation of succinate requiring 
the enz3mie succinic dehydrogenase (4). These facts are in agreement with the 
effects of ferric and cupric ions on the membrane potentials, which are of the order 
of 200 mv. at the most effective concentrations. The metals, by catalyzing the 
oxidation of one or more of the systems, glutathione, ascorbic acid, succinic acid, 
establish an auxiliary pathway by which electrons are separated from protons at 
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the cytochrome c level, rather than at <ytochrome h. E* is thus increased, and 
Egt decreased. This effect would be sufficient to explain the result, and the simi- 
larity with the effects of the thiol inhibitors. Actually, however, the metals prob- 
ably react in several additional ways. According to Keilin and Hartree (24), copper 
oxidizes all the cytochrome components. Also, the heavy metals act as sulfhydryl 
inhibitors, decreasing the rate of glycolysis and other enzymatic dehydrogenations 
at potentials below the cytochrome h level. 

The sulfhydryl inhibitors, p-chloromercuribenzoate, o-iodobenzoate and iodo- 
acetate act more specifically on the latter processes (25). All of them produce posi- 
tive membrane potentials, which may be interpreted as caused by an increased value 
of the mean source potential, Eg, This would be a direct result of slowing the rate 
at which electrons are transferred to cytochrome h. 

Succinic Dehydrogenase Inhibitors, Activators and Substrate {JIable 4). Malonate 
is an inhibitor which acts with some specificity on the enzyme succinic dehydro- 
genase (17, 26). When introduced into the joint cavity, it produces a positive 
potential of about 50 mv., which, however, soon drifts toward zero. The positive 
potential is easily explained as the result of an iucreased potential due to inhibition 
of electron transport through succinic dehydrogenase. The drift could possibly be 
explained as a subsequent oxidation of the terminal cytochrome oxidase with an 
increase of Et. Again it is evident that there is no necessary direct connection be- 
tween the metabolic rate and the membrane potential. With strong inhibition, 
Egt is essentially a static difference of potential, and may have a value very close 
to normal. 

Sodium fumarate stimulates metabolism through the succinic dehydrogenase 
system (16, 17), It produces a negative membrane potential of about 30 millivolts 
(table 4). This persists after numerous washings with NaCl, indicating that the 
fumarate is firmly bound to the enzyme. In this case, the source potential is more 
negative than normally because of the greater rate at whic^ cytochrome b is reduced 
by the substrate-enzyme system. The source potential, Eg, evidently depends on 
the rates at which electrons are added to and removed from cytochrome b. It rep- 
resents essentially a balance between the rates of oxidoreductions in the cytochromes 
and in the dehydrogenation processes which supply electrons to cytochrome b. So- 
dium succinate yields a negative potential of the order of 20 mv., which drifts toward 
zero. It is ineffective at low concentrations, and seems to behave simply as a sub- 
strate rather than as a coenzyme. 

Electron Acceptors {Table 5). Iodine and hydrogen peroxide are placed in this 
group because their effects on the potential appear to indicate that initially at least 
they oxidize at the cytochrome oxidase level. The instability of the initial negative 
potentials, which drift toward positive, may indicate a slower tendency to oxidize 
the other cytochrome components. The beha\'ior of iodine differs in solutions con- 
taining iodide ions compared witli those that contain only chloride ions. In the 
latter solutions the initial potentials are of the order of minus 50 mv., but they rapidly 
drift beyond zero and become quite positive. In solution ivith iodide ions, iodine 
always >nelds positive potentials. The value depends on the concentration of the 
iodide ions. In the presence of 0.15 si Nal, the potential given by 0.0015 iodine 
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is approximately 200 mv. At lower concentrations of iodide ion, the solutions being 
made isotonic with NaCl, the potentials are lower, but continuously drift positive. 
Isotonic Nal itself yields a positive potential of about 25 mv. (i). 

The above facts suggest that iodide and iodine act in an auxiliary hydrogen 
transport system which is capable of carr3dng electrons to the cytochrome c level. 
The initial effect of iodine appears to be that of an electron acceptor at the cyto- 
chrome oxidase level, producing increases of Et and Est- As soon as traces of iodide 
ion are formed the_carrier system operates, and the secondary effect is to increase 
Eg. Accordingly, Eat decreases, and the observed potential becomes positive. 
Since molecular iodine is capable of oxidizing glutatliione, this may possibly be part 


Table 4. Inhibitors and activators of succinic dehydrogenase 


:bxagent 

1 

NO. EXPEE. 

CONC.* 

n — Eitiici 

CHASACTEEISTICS 



mol. /I. 

in mv. 


Na malonate 

j 

8 

0,01 

-bso 

Unstable initial maximum. Drifts toward 

zero. 

Na fumarate 

8 

o.ois 

-30 

Immediate effect which persists after several 
washings with NaCl. 

Na succinate 

6 

0.07s 

— 20 

Unstable initial potential. Drifts toward 
zero. 


^ All solutions made isotonic with NaCl. 


Table 5. Electron acceptors 


REAGENT 

NO. EXPER, 

CONC. 

“ %aa 

CHASACTEEISTZCS 

Ij in o.is, M NaCl 

12 

mol.//. 

0.0015 

av. in mv. 

-50 

Initial negative potential which rapidly 

Is in 0.15 M Nal. 

12 

0.0015 ^ 

+200 

drifts positive. 

Partially reversed with NaCl. Potential 

HsOs in 0.1s M 

8 

O.OI 

i 

— 70 ! 

maintained after w'ashing with isotonic 
Nal. 

Drifts positive slowly. Reversible with 

NaCl 




NaCl. 


of the system involved. The mechanism might also account for the potentials ob- 
served with isotonic iodide, which are abnormally positive compared with those of 
chloride and bromide. Tissues oxidize iodide ion by means of peroxidase (27). Thus 
the carrier system responsible for the positive potential would be formed either from 
the ion or from molecular iodine. This mechanism results in inhibition similar to 
that given by the heavy metal-thiol systems, which also yield positive potentials. 
All are explicable as oxidations of cytochrome b by transport of electrons and protons 
to higher cytochrome levels through the action of auxiliary hydrogen transport 
systems. 

Hydrogen peroxide produces an initial negative potential, which ultimately 
drifts toward zero. Its initial effect is to increase Egt by oxidizing cytochrome oxi- 
dase (fig. 2). The secondary positive drift is possibly the subsequent effect of oxi- 
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dations of the other cytochrome components, possibly through cytochrome 
peroxidase (i8). 

Relation to Polarization Potentials. An earlier investigation of the electrochem- 
ical properties of the synovialis included experiments on the potentials produced by 
polarization of the membrane brought about by application of an external electro- 
motive force (i). For voltages above a certain threshold applied for two or more 
minutes, the polarization potentials that were produced were often noted to be fairly 
stable for as long as 5 minutes, depending on the polarizing current and the time it 
had been applied. The level of the stable polarization potential was nearly always 
observed to be between 150 and 200 mv. The sign was determined by the direction 
of the applied current, either positive or negative. The magnitude was as a first 
approximation independent of the applied voltage as long as this exceeded the thresh- 
old level. Reconsideration of these facts suggests that they are explicable in terms 
of the mechanism proposed in the theoretical section of this paper. An externally 
applied field necessarily induces a displacement cmrent of electrons in the cyto- 
chrome system as well as migration of ions. Electrons would be displaced toward 
the anode, reducing ferri-cytochrome oxidase to the ferro-enzyme on the anodic 
side of the membrane. Eventually, the terminal cytochrome potential would be 
reduced to the cytochrome c level, where presumably it stabilizes because the con- 
centration of the c component is much greater than that of the others. The gal- 
vanically induced reduction of cytochrome oxidase that is postulated leads to 
inhibition on the anodic side of the jnembrane. The type of inhibition is that in 
which the mean terminal potential, Et, decreases, dropping toward the cytochrome 
c level. With removal of the applied current, this displaced potential would mani- 
fest itself as a polarization potential, which persists as long as the cytochrome oxi- 
dase is reduced. Thus the length of time during which the polarization potential is 
stable depends on the quantity of cytochrome c reduced during the period of polari- 
zation. This agrees with the experimental evidence which shows that it is the time 
of stability rather than the potential level which is proportional to the quantity of 
current transferred. The magnitude of the potential, 150 to 200 mv., also in in 
agreement with the postulate, for it agrees fairly well with that observed with cyanide 
as an inhibitor, in which case the terminal potential is regarded as dropping to the 
cytochrome c level. The above considerations indicate that there is a reciprocal 
relation between metabolism and potentials; metabolism may depend on induced 
galvanic currents, and conversely potential gradients in tissues depend on metabolic 
rates and pathways. 


DISCUSSION 

The relation of polarization potentials, and bioelectric fields in general, to 
growth and metabolism have been discussed in a recent monograph by Lund (28). 
As e.xperimental material, vegetable preparations were most extensively studied. 
The results show numerous interrelations between the bioelectric fields, polarization 
in applied fields and metabolism as influenced by inhibitors. The magnitudes of 
the potentials quite clearly are beyond those predicted for ionic diffusion potentials. 
The relation of membrane potentials to metabolism has been a controversial sub- 
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ject (29). Although earlier work has shown that metabolic inhibitors produce]high 
potentials, the origin of the potential has been a source of disagreement. A magni- 
tude of the order of 100 mv. would require an ionic concentration gradient of about 
100 to I across a membrane with very high selectivity toward one of the ions. Under 
the conditions of these experiments, no such ratio could possibly develop. The 
earlier results on metabolically inactive ions indicate very little selectivity by the 
synovial membrane (i). 

In accounting for the potentials as originating in tissue oxidoreductions the 
difficulty consisted in accounting for an electron transfer mechanism (29). 

In boundaries with transference, high potentials resulting from oxidoreductions 
are theoretically impossible. The cytochrome system, conceived as an electron con- 
ductor, resolves this difficulty by providing a natural boundary with partial trans- 
ference. The system can be conceived as oriented toward the oxygen supply of 
the tissues, with the b and c components taking up electrons at a low potential and 
conducting them rapidly to the oxidase at a high potential (5). The normal po- 
tential difference in the system is of the order of 500 mv. Because of s)anmetrical 
orientation, the normal membrane potential is the resultant of two nearly equal and 
opposite vectors. It therefore is of a small order of magnitude. Inhibitors or ac- 
tivators can selectively act on one of the component vectors, and produce high 
potentials. Polarization in an external field can lead to a similar result. Both 
effects are readily accounted for by the assumed mechanism. 

SUMJIARY 

The effects of various types of inhibitors and activators on the potential of the 
synovialis in dogs have been determined. Among the agents studied were cyto- 
chrome inhibitors, sulfhydryl inhibitors, thiols and inhibitors of succinic dehydro- 
genase. 

Theoretical considerations based on the properties of artificial boundaries with 
and without transference have been presented to facilitate the interpretation of the 
results. On the basis of the theoretical considerations, the observed potentials have 
been related to the known metabolic effects of the inhibitors and activators. The 
effects are referred to mean differences of potential between the source and terminal 
in the cytochrome system. Inhibitors, in general, by decreasing this difference of 
potential on one side of the membrane, produce a high positive potential across the 
membrane. Activators show the opposite effect. The magnitude and sign of the 
potential can be related to the effects on enzymes, coenzymes or carriers. The 
results are discussed in connection with an energy level diagram giving the standard 
potentials of the cytochrome components. 

It is shown that a galvanic current can lead to inhibition on the anodic side of 
the membrane, and that the relation between metabolism and the electric field is 
reciprocal. 
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CORRELATION BETWEEN SIGNS OF TOXICITY AND CHOL- 
INESTERASE LEVEL OF BRAIN AND BLOOD DURING RE- 
COVERY FROM DI-ISOPROPYL FLUOROPHOSPHATE (DFP) 
POISONING ^ 

A. M. FREEDMAN,! ALICE WrELLIS and H. E. HIMWICH 
From the Medical Division, Army Chemical Center 

MARYLAND 

S EVERAL investigators have reported that for the brief period immediately 
following the injection of di-isopropyl fluorophosphate (i, 2), a close relation- 
ship exists between the severity of toxic signs and the degree of depression of 
brain cholinesterase activitj'’, a relationship which with one exception (3), has not 
been considered coincidental. However, during the more prolonged recovery from 
DFP the relationship between toxic signs and brain cholinesterase activity has not 
been explored. Yet studies of Grob, el al. (4) on man indicate the necessity of such 
data in explaining the behavioral changes. These investigators found that following 
recovery from a large dose of DFP, clinical signs of toxicity disappeared within 48 
hours while the red blood cell cholinesterase activity remained stationary during that 
time. Erythrocyte cholinesterase activity has been considered a reflection of brain 
cholinesterase activity because of the parallelism between the depression of the chol- 
inesterase activity of erythrocytes and that of brain by DFP in vitro (3) and in vivo 
in the acute stages of DFP poisoning. One may, therefore, conclude from the experi- 
ments of Grob et al. (4) that brain cholinesterase remains stationary during the 48- 
hour period while the toxic signs disappear. In other words, the brain becomes 
acclimatized to function relatively normally at a level of tissue cholinesterase con- 
siderably below the normal of optimal range. Another explanation of this experi- 
ment would be that the brain cholinesterase regenerates more rapidly than the eryth- 
rocyte cholinesterase. The authors questioned the latter possibility because Mazur 
and Bodansky (3) and Koelle and Gihnan (i) had reported that in the rabbit and rat 
the red blood cell cholinesterase returns to normal before the brain cholinesterase 
activity. Nevertheless the data of Koelle and Gilman (i) on the rat suggests that 
during a limited period immediately following the injection of DFP the rate of re- 
generation of erythrocyte cholinesterase is slower than brain cholinesterase. In order 
to investigate more completely the rates of regeneration of the choUnesterase of brain 
and blood and, in that way, study the relationship between cholinesterase activity 
and toxic signs the following experiments were undertaken. 


ReceK’ed for publication December 7, 1948. 

! Present Address: Psychiatric Division, Bellevue Hospital, New York City. 
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aiETHOD 

A total of 94 adult male rats weighing between 125 and 175 grams were used. The 
animals were divided into groups of 20 to 25 animals and each group was studied in 
the following manner. All rats were injected subcutaneously either with i.o or 2.0 
mg/kg. DFP in saline, every member of a ^ven group receiving the same dose. One 
hour following the injection, the rats in the group were observed for toxic signs. Sub- 
sequently, the animals were inspected daily. The manifest signs of toxicity at each 
inspection time appeared quite uniform within each group. Toxic death occurred 
chiefly during the first hour when approximately 25 per cent of the rats died with the 
2.0-mg. dose and less than 10 per cent succumbed with the i.o-mg. dose. Only ani- 
mals with longer survival periods were examined for behavioral and biochemical 
changes. 

At each observation two rats were selected at random from the group. Each 
of these rats was carefully studied noting ail behavioral signs of toxicity. In evaluat- 
ing the signs of toxicity, the following criteria were used: Animals were graded 'severe’ 
where they displayed evidences of grave toxicity such as marked spontaneous 
trembling of the body, great hyperreactivity upon tapping the spine, muscular weak- 
ness of varying degrees culminating in paralyses, and excessive salivation. Rats 
graded as of ‘moderate’ toxicity exhibited manifestations including intermittent 
periods of trembling, marked motor restlessness, moderate hyperreactivity upon 
tapping the spine and spontaneous fasciculations of the muscles in the flanks. Ani- 
mals rated as exhibiting ‘slight’ toxicity showed signs such as transient fasciculations 
while standing erect on their hind legs and motor restlessness. Animals that were 
free of overt toxic signs were considered ‘normal’. Members of each group were 
studied until the remaining members became free of toxic signs. Then these rats 
were killed and the cholinesterase activity of the whole brain, packed erythrocytes 
and plasma were determined. The brain cholinesterase was determined as described 
in previous work (2). The erythrocyte and plasma cholinesterase were also meas- 
ured manometrically. The erythrocytes were not washed but carefully separated 
from the plasma after prolonged centrifugation in a hematocrit tube. It was found 
that better agreement between samples obtained from control rats could be found 
without washing although the mean activity was not significantly altered. A fur- 
ther correction was necessary in determining the cholinesterase activity of the eryth- 
rocytes. Because their anaerobic glycolysis produced significant amoimts of CO2, a 
sample without acetycholine was run simultaneously with each erythrocyte determ- 
ination and the figure so obtained subsequently subtracted. Control values for the 
brain and blood cholinesterase activity were obtained from 17 normal rats. 

RESULTS 

Figure i indicates regeneration of cholinesterase in the brain, plasma and eryth- 
rocytes following a dose of 2.0 mg/kg. of DFP. In this and subsequent charts the 
broken line is drawn through the determined points. It was found that these data 
could be best described mathematically in all cases by the equation Y = R — AB^ 
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for the brain and Y = K (i — for the plasma and erythrocytes. These equations 
are represented by the smooth curves that describe the regeneration plasma, red 
blood cell, and brain cholinesterase respectively. The nonspecific plasma cholines- 
terase regenerated most rapidly and reached normal within 7 days. On the other 




DAYS F0LLOT.TN3 EiJECTIOri 

Figs. I (upper) and 2 (lower) 

hand during the first 48 hours the specific erythrocyte cholinesterase activity 
remained almost at zero while the brain cholinesterase increased more than threefold. 
Subsequently the rate of red blood cell cholinesterase increased and the red blood cell 
line in the figure can be seen crossing the brain line. A similar study was performed 
with rats injected with i.o mg/kg. DFP as indicated in figure 2. Again a lag in the 
regeneration of red blood cell cholinesterase activity is observed. In this instance 
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the" lag was only 24 hours during which time the brain cholinesterase was almost 
doubled. The similarity in the regeneration patterns when either i.o or 2.0 mg/kg. 
DFP was injected is further emphasized in figure 3 where the brain cholinesterase 
for each dose is plotted. The parallel in the trend lines is apparent. Similarly in 



ISAYS FOLLOWa.'O IMJECTIOH 



DATS FOLLOWBIG ffllECTIOH 
Figs. 3 {upper) and 4 {lower) 

figure'4 the erythrocytes cholinesterase activity for both the i.o and 2.0 mg/kg.-dose 
are indicated. In each case one observed first a lag and then parallel lines of re- 
generation. 

Table i indicates the relationship between the severity of the clinical signs and 
the levels of the various cholinesterase activities in the rats injected with 2.0 mg/kg. 
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The mean time of appearance in days of each of these symptom groups is likewise 
indicated. One notices the steady increase in the means of the brain cholinesterase 
activity and the improvement in clinical signs. 

The scatter of the brain cholinesterase corresponding to each clinical category is 
not wide as can be seen from the low standard error of the mean. Furthermore, by 
the /-test it has been found that each of the mean brain cholinesterase activities is 
significantly different from every other (table 2). This indicates that the classifica- 
tion is valid and that each category' is sharply delineated from the next. In the case 


Table i. Relationship ot signs of toxicitv to cholinesterase activity following 2.0 mg/kg. 


SYMPTOMS 

BRAIK CHOLINESTERASE 
% NORMAL 

1 RBC CHOLINESTERASE 

1 % NORMAL 

1 

PLASMA 

CHOLINESTERASE 
% NORMAL 

appear- 

ance, 

time-days 

Severe 

2.9 ± 

.32* 

0 

0 

.042 

Moderate 

17.9 ± 

2.0 

10.4 ± 3.9 

59. S ± 10.8 

2.35 

Slight 

35-9 ± 

2.S 

37-5 ± 6-7 

93.3 ± 14.7 

S.78 

None 

46.9 ± 

2-5 

58.3 ± 8.1 

III. 3 ± 16.0 

8.80 

Control Values 

1081.2 ± I4.imm5- 
COa/hr/ 100 mg. 

Brain 

1175-2 ± 41-6 
mm’COj/hr/i cc. 
packed RBC 

SIX. 3 ± 29.4 
mm’COj I 
hr/ 1 cc. plas- 
ma 

1 


* Standard error on % of mean. 


Table 2. Significance of difference between means of cholinesterase values 
corresponding to categories of toxic signs following 2.0 mg/kg dfp 

p Values determined in t lest 


SOURCE OF CHOLINESTERASE 

SEVERE AND MODERATE 

MODERATE AND SLIGHT 

SUGHT AND NONE 

Brain | 

< .01 sig. 

.02 ? sig. 

< .01 sig. 

< .01 sig. 

< .01 sig. 

.025 ? sig. 

< .or sig. 

.03 s ? sig. 

. 24 not sig. 

RBC 

Plasma j 



A value less than .01 means that the diSerence in the means is significant since this difference 
could only occur i time out of 100 by chance. Values from .01 to .05 are of questionable signifi- 
cance. Values greater than .05 indicate that the two means in question are not significantly differ- 
ent. 

of the RBC cholinesterase values the relationship with toxic manifestations is not as 
clear-cut. The scatter is greater and each category is not as sharply demarcated 
from the next (table 2). The plasma cholinesterase values are even less consistent. 
The scatter is greater and the categories are not as well differentiated. 

In a similar fashion table 3 indicates the relationship between the severity of 
clinical signs and the levels of the various cholinesterases in the rats injected with 
i.o mg/kg. Again the most consistent relationship is between the brain cho- 
linesterase and toxic signs. Each clinical category is sharply demarcated and signifi- 
cantly different from the next as determined by the t test (table 4). As with the 
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larger dose, the relationship between clinical signs of toxicity and RBC cholinesterase 
is less consistent and plasma cholinesterase still less (tables 3 and 4). 

It appeared of interest to compare the mean brain cholinesterase corresponding 
to categories of clinical signs following a i.o mg. and 2.0 mg/kg. dose with each other. 
This has been done in table 5. Furthermore, similar determinations previously made 
in the acute state (30 minutes following the injection of DFP) are also listed. A con- 


TaBLE 3. ReLATIONSBIP of signs of TOXICITy TO CHOLINESTERASE 
ACXTVlTy FOLLOWING I.O MG/kG. DFP 


SIGNS 

BRAIN CHOt. % 
KORHAl. 

BBC CHOt. % 
NOB2IAB 

PLASMA CHOL. % 
KDRllAL 

APPEAHANCE OP 
SIGNS— MEAN TDSZ 
IN DAYS 

Moderate 

12.0 =b I. I 

19.5 ± 4.5 

0 

.042 

Slight 

31.6 ± 2,3 

39.5 ± 7-1 

77.8 rt: II. 6 

2.70 

None 

52.4 ± 2,9 

68.4 d: 10.2 

90.5 ± II. 8 

7-43 


Control values as in table i. 


Table 4. Significance of difference of means corresponding to categories of toxic signs 

FOLLOWING I.o mg/kg. DFP 
p Values determined in {-test 



UOOEEAXE AND SUCHT 

SUGOT AND NONE 

1 

■RrAin 

<.oi sig. 

.05 ? sig. 

< .01 sig. 

<,oi sig. 

.02 ? sig. 

. 28 not sig. 

RBC 

Plasma 



See table 2. 


Table 5. Correspondence of mean brain cholinesterase per cent normal and categories 

OF CLINICAL SIGNS UNDER VARYING CONDITIONS 


CLINICAL CATEGORIES 

PERIOD OP EEGEN. POE- 
tOWlNO 1 MG/KGM. DPP 

PERIOD OP RECEN. POL- 
LOWINO 2 MO//ECM. DPP 

30 MN. POLEOWINO 
VABIODS DOSES DPP> 


% 

% 

% 

Moderate 

12.0 

17.9 

II 

Slight 

31-6 

35-9 

33 

None 

52-4 

46.9 



^ From Freedman and Himwich (2) 


sistency is observed in the level of the brain cholinesterase activity for each of the 
three states with the possible exception of those values corresponding to moderate 
signs. 

Since in the acute state the RBC cholinesterase seemed to parallel the brain 
cholinesterase closely, it was of interest to note if any such correlation existed in the 
overall regenerative period studied in these experiments. The correlation coefficient 
of RBC with brain cholinesterase following a 1.0 mg/kg. dose of DFP was determined 
and found to be .74. Thus, one could use RBC cholinesterase to approximate 
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changes in the brain during regeneration as performed here. This would be more 
accurate than determining plasma cholinesterase both in the acute or recovery phase. 

DISCUSSION 

It appears from these data that there is a reversal of rates of regeneration be- 
tween red blood cell cholinesterase and brain cholinesterase. In spite of the fact 
that erythrocytes cholinesterase returns to normal sooner than the brain, yet during 
the earliest period the brain regenerates more rapidly than the red blood cells. Thus 
the problem posed by Grob et al. (4) concerned with the early differences of the clini- 
cal signs may be explained by the early lag in erythrocyte regeneration in contrast 
with the simultaneous rapid regeneration of brain cholinesterase. 

Our rats though exhibiting great powers of recovery nevertheless retained 
signs of toxicity longer than the human subjects. Needless to say such low levels 
of cholinesterase activity as reached in the rat were not obtained in man. Further- 
more, these data indicating rapid destruction of cholinesterase by DFP and its rela- 
tively slower regeneration point out the potentialities of this drug for accvunulation 
on repeated administration. 

Additional correlative evidence is furnished in this work that toxic signs in DFP 
poisoning closely parallel changes in brain cholinesterase activity during recovery 
from a dose of DFP. It is possible that some of the toxic signs obser\’’ed are not 
directly related to the central nervous system and it may well be that if one were to 
determine the regenerative pattern of cholinesterase activity in the neuromyal junc- 
tion a similar or closer parallelism might be found. The fact remains however that 
this correlation exists between toxic signs and biochemical changes. It further ap- 
pears that for each general level of brain cholinesterase activity one can expect 
approximately the same overt manifestations of toxicity as observed whether the 
animal is in the acute or recovery phase and this obtains whether a dose of 2.0 or i.o 
mg/kg. is used. It is noteworthy that brain cholinesterase activity can be reduced 
to about half before the earliest overt sign of toxicity develop. Of course, between 
the levels of 50 to 100 per cent normal cholinesterase activity changes in brain func- 
tion may be present that require finer methods than those employed in the present 
investigation for their revelation. In any case, it should be pointed out a significant 
excess of cholinesterase appears to be present beyond that which is needed for normal 
function. All this suggests that brain cholinesterase plays an important role in the 
normal animal in the maintenance of nervous activity and that changes in 
brain cholinesterase activity are accompanied by corresponding alterations in the 
function of the central nervous system. 

SUMMARY 

Following the injection of large doses of DFP nonspecific plasma cholinesterase 
regenerates more rapidly than the specific cholinesterases of the red blood corpuscles 
and the brain. A lag in regeneration of erythrocyte cholinesterase activity lasting 
from 24 to 48 hours occurs following the injection of DFP, a period during which brain 
cholinesterase regenerates rapidly. Subsequently, the rate of regeneration of eryth- 
rocyte cholinesterase becomes more rapid and surpasses that of the brain. A close 
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relation appears to exist between the severity of the toxic signs of DFP poisoning and 
the level of brain cholinesterase during the regeneration period. The relation be- 
tween toxic signs and erythrocyte cholinesterase activity is less exact and fails alto- 
gether in the case of the plasma. 

We gratefully acknowledge the statistical analyses done by Miss Frieda Faiman. 
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FACTORS IN EXPLOSIVE DECOMPRESSION INJURY^ 

E. L. COREY 

From the Physiological Laboratory of the University of Virginia Medical School 

CIIARLOTTES\TCLLE, VIRGINIA 

C ONVENTIONAL studies ou explosive decompression have involved the 
sudden alteration of the environment from that of the normal, ambient 
atmosphere to rather high vacua, in simulation of pressure-cabin failure. In 
such experiments, therefore, test animals are simultaneously subjected to: a) the 
rapid expansion of contained gases; b) anoxic anoxia; and c) aeroembolism (at suffi- 
ciently reduced pressures). Qualitative evaluation of the relative importance of these 
factors in the etiology of injury and death from rapid decompression has thus been 
difficult. Other methods of experimental procedure were therefore adopted in the 
hope of further elucidating this phase of the problem. 

METHODS 

In over 300 individual tests, rats were compressed within 30 seconds to pressures 
of from 2 to 30 atmospheres, maintained for various time periods (10 seconds to 30 
minutes). Subsequent decompression to normal atmospheric pressure was rapid 
(average time, 0.62 seconds, as determined by high-speed motion pictures). Ade- 
quate ventilation of the chamber was maintained throughout, the flow of air being 
measured by means of a gas meter. In this manner an anoxic environment was 
eliminated from the conditions of the experiment, and the effects of gas expansion, 
only, could be obseiv’^ed. It is obviously quite possible that nitrogen narcosis may have 
been present in animals placed under the higher pressures, but recognizable symptoms 
of this condition were not detected. It is moreover true that pressure changes in this 
tjTpe of experiment were many times greater than in tests of the conventional sort, 
but it was hoped to obtain by the method described an evaluation of the effectiveness 
of intrapuhnonary gas expansion as a lethal agent. 

The effects of anoxia were observed by placing animals in an atmosphere of nitro- 
gen for suitable intervals. All rats which succumbed were examined for the presence 
of gross lesions, hemorrhage and the presence of gas emboli. Those surviving were 
kept under observation for periods of from i to 4 weeks, at the end of which time 
several rats from each experimental group were killed for study. In none of the 
latter animals, however, was gross evidence of decompression injury present at the 
time of autopsy. 

The results of all experiments involving decompression are given in table i. As 
shown in figure i, explosive decompression following 30-minute exposures to 2 to 6 
atmospheres (gas-expansion equivalent, 18,000 to 42,000 ft.) was well tolerated by 59 
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rats. No gross pathological lesions were later observed in these animals. Following 
decompression from 7 atmospheres, half of the animals succumbed, without dis- 
cernible injujy, and mortality rates were slightly increased following release from 8 
and 9 atmospheres of pressure. Decompression from 10 atmospheres resulted in the 
death of 14 of 15 rats (93%) and all (20) animals succumbed on rapid release from ii 
atmospheres. 


Table i. Efpects of explosive decompkession from high barometric pressure to 

THAT OF AMBIENT ATMOSPHERE 


PRESSURE PROM 
WHICH DECOM- 
PRESSED 

APPROXIMATE GAS EX- 

PANSION EQUIVALENT 
ON DECOMPRESSION, 
EXPRESSED AS 

ALTITUDE 

TIME AT HIGH 
PRESSURE 

NO. OF 
ANIMALS 
TESTED 

TOTAL DEATHS 

ANIMALS SHOW- 
ING PULMONARY 
LESIONS 

ANIMALS 

SHOmNG 

AEROEMBOLISM 

Ko. 

% 

No. 

% 

No. 

% 

almos. 

ji. 





nn 

■ 



2 

18,000 

30 min. 

23 

0 

0 

D 


0 

0 

3 

27,000 

30 

10 

0 

0 

D 

B 

0 

0 

4 

34,000 

30 

8 

0 

0 

D 

B 

0 

0 

s 

38,000 

30 

8 

0 

0 

D 

B 

0 

0 

6 

42,000 

30 

10 

0 

0 

mm 

B 

0 

0 

7 

45,000 

30 

10 

5 

so 

D 


0 

0 

8 

48,000 

30 

10 

7 

70 

1 

10 

3 

30 

9 

51,000 

30 

19 

11 

58 

3 

27 

II 

100 

10 

53,000 

30 

IS 

14 

93 

3 

21 

14 

100 

10 

53,000 

1 

21 

0 

0 

0 

0 

0 

0 

II 

55,000 

30 

20 

20 



15 

20 

100 

12 

59,000 

20 

6 

6 

100 


66 

6 

100 

IS 

61,000 

I 

10 

0 

0 


0 

0 

0 

IS 

61,000 

4 

6 

0 

0 


0 

0 

0 

IS 

61,000 

5 

6 

4 

66 

2 

so 

4 

100 

16.6 

64,000 

I 

10 

0 

0 

0 

0 

0 

0 

20 

68,000 

30 sec. 

6 

0 

0 

0 

0 

0 

0 

20 

68, 000 

I min. 

18 

9 

SO 

7 

77 

9 

100 

20 

68, 000 

2 

9 

4 

47 

I 

25 

4 

100 

20 

68,000 

3 

9 

6 

66 

2 

33 

6 

100 

20 

68,000 

4 

12 


83 

4 

40 


100 

20 

68,000 

5 

6 


100 

1 

17 


100 

23 

71,000 

I 

6 


66 

0 



100 

30 

76, 000 

10 sec. 

16 


0 

0 

0 


0 

30 

76, 000 

30 

12 

8 

66 

4 

SO 

8 

100 

30 

76,000 

50 

12 

12 

100 

0 

0 

12 

100 


Thus, of 74 rats, subjected for the same time-interval to demonstrably 'lelhaP de- 
compressions (7 to II atmospheres’ differential), 57 (77%) succumbed. However, 
in only 10 animals (18%) was evidence of pulmonary hemorrhage seen at autopsy. 
On the other hand, in 48 of the rats (82%) killed by the decompression, there was 
definite aeroembolism (gas bubbles in the right heart and large vessels). It would 
hence appear that in these experiments, in which the animals were never anoxic, 
aeroembolism constituted the major lethal factor, rather than the physical expan- 
sion of the intrapulmonary gases. 

This was further indicated by the fact that no deaths resulted in a series of 21 
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animals maintained under ii atmospheres of pressure for only i minute prior to de- 
compression (table i). Moreover, since the average respiratory rate of sleeping and 
quiescent (resting) rats in the colony was found to be 82 and 115 per minute respec- 
tively (average of 50 determinations), one might safely assume the rather complete 
filling of the lungs with compressed air, even within i minute, and hence that all ani- 
mals would be subjected to much the same degree of intrapulmonary gas expansion. 


Fig. I. Mortalitx rate in 
EATS explosively decompressed to 
ambient atmospheric conditions 
following exposure to 2-1 1 atmos- 
pheres of pressure. 


0 2 4 6 8 10 

PRESSURE (ATMOS.) 


o 

Fig. 2. Time-peessure rela- >- 
TIONSHIPS productive of lethal 
explosive decompression injury in u 
the rat. ^ 

</l 

Ul 

tc 

a 


In the hope of finding a pressure differential at which gas expansion per se might 
invariably result in lethal trauma (as evidenced by pulmonary hemorrhage), experi- 
ments were continued to include decompressions from even higher pressures. Such 
tests gave increasing evidence that time imder pressiure (and hence aeroembolism), 
rather than the expansion of intrapulmonary gases (fig.2) constituted, in these experi- 
ments, the major factor in survival. All animals died following decompression 
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from 12 atmospheres (gas-expansion equivalent, 57,000 ft.), and exposures to 15 
atmospheres for only 5 minutes resulted in the death of 4 of 6 rats on depression. 
However, all survived when time under pressure was reduced to 4 minutes, and when 
this interval was further reduced to i minute 20 animals tolerated decompression 
from 15 to 16.6 atmospheres of pressure without fatality. 

Further evidence that time under pressure constituted the major lethal factor 
in this type of experiment was obtained in a series of 60 rats decompressed from 20 
atmospheres (gas expansion equivalent, 68,000 ft.). The results are shown graphi- 
cally in figure 3. Of these animals decompressed after 30 seconds to 5 minutes under 
pressure, 35 died, with pulmonary lesions in only 15 cases (43%), while all rats which 
succumbed gave marked evidence of aeroembolism. Throughout the study ‘pul- 
monary lesion’ was recorded whenever the smallest ecchymoses could be grossly de- 
tected. Hence, in a large percentage of am'mals in which hemorrhage was noted, the 
amount of pulmonary bleeding could not have contributed significantly to the death 


100 


Fig. 3, Moktality rate in 
RATS explosively decompressed fol- t 

lowing exposure to so atmospheres ^ 

of pressure for varying time « 
intervals. § 


0 

of tlie animal. Moreover, such pulmonary damage as was seen might, in many in- 
stances, have been due to the expansion of gas emboli within the smaller pulmonary 
vessels. 

\\^hen decompressed after a 50-second e.xposure to 30 atmospheres all animals 
succumbed with marked aeroembolism. So great was the amount of gas within the 
heart that, on opening the thorax, an audible sound tvas, on occasion, produced by 
the cardiac contractions. All of the larger vessels exhibited emboli entirely blocking 
their lumina. However, no pulmonary bleeding was present in any of the 1 2 animals 
of this series. A reduction of the period of pressurization to 30 seconds resulted in the 
death of 8 to 12 rats, with pulmonary bleeding in 4 animals. All of the rats which 
succumbed showed marked aeroembolism. MTien time under pressure was further 
reduced to 10 seconds, all 16 rats survived. These results, like the foregoing, 
were interpreted as indicating that the physical ejqransion of the intrapulmonary 
air constituted a relatively minor contributing factor in causing death, and that in 
decompressions as here performed, i.e. in the absence of anoxia and following pro- 
found pressure changes, aeroembolism appeared to be the primary lethal agent. 
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ANOXIA 

Twenty rats placed in an atmosphere of nitrogen succumbed after an average 
interval of i minute, 17 seconds, when respiration ceased. In half of these animals, 
pulmonary damage was observed at autopsy. Such lesions varied from small, dis- 
crete ecchymoses to diffuse hemorrhage involving all of the pulmonaiy lobes. It was 
therefore apparent that asphyxia alone ma}' result in pulmonary bleeding in the rat, 
indistinguishable grossly from that seen following explosive decompression, probaby 
as a result of the extreme and convulsive dyspnea induced. It may be noted that 
asphyxia does not invariably produce such lesions, nor does explosive decompression, 
whether performed in the conventional manner (i) or as in the present study, 

DISCUSSION 

It is of historical interest to note that Bert (2), in 1878, from a long series of 
studies on decompression injury concluded, “The physical phenomena amount to 
very little, even when the rapidity of the experiment should have increased their 
importance”. Further, that 'the pulmonary ecchjmioses’ on release from pressure 
“mean nothing, because we find them in simple asphyxia, at normal pressure”. 

The pathology of explosive decompression injury is, in the main, at present 
quite well known (i, 3-8) and major differences of opinion among investigators appear 
to center about its chief etiological factors (6, 8-11). The determination of the prin- 
cipal causative agent or agents is of primary concern, since the design of any devices 
for the protection of aircrews from this hazard must depend on a knowledge of the 
mechanics and cause of injury. 

Edelman el al. (3) are of the opinion that an increased intrapulmonary pressure 
is the primary etiological agent, and Whitehorn, Lein and Edelman have expressed 
a somewhat similar opinion (8), They considered aeroembolism to be a negligible 
hazard, following experiments with guinea pigs. Gehan (9), on the other hand, 
considers anoxic anoxia to be the primary lethal agent. There is general agreement 
that rapid decompressions to simulated altitudes as great as 35,000 feet are entirely 
innocuous (i, 9). 

It is interesting to note that lethal, simulated altitudes for the rat agree quite 
closely both in conventional studies and the present experiments. Thus Gelfan (9) 
found that rats succumb to anoxic anoxia at 52,000 feet (simulated), or higher while 
in the experiments described, a 93 per cent mortality occurred at a gas-expansion 
equivalent of 53,000 feet, and all animals died at the 55,000-foot equivalent on release 
from a 30-minute sta}’- imder pressure. 

There is apparently little difference of opinion as to the value of rapid recompres- 
sion (i, 10) to survival. This would obviously hold true whether the principal lethal 
factor be anoxic anoxia or aeroembolism, since both occur at sufficiently reduced 
pressures, and either condition may be corrected by recompression. 

In experiments of conventional design, it is obvious that because of the compara- 
tively small pressure differentials involved, aeroembolism would be of much rarer 
occurrence than in the e,xperiments described. Quite recently, Hitchcock et al. (12), 
in experiments on human subjects found that when pressure oxj^gen breathing was 
employed, explosive decompressions to simulated altitudes up to 45, 000 feet were 
v.'eU tolerated, without any evidence of bubble formation attributable to the explosive 
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decompression per se, although incapacitating bends and chokes did occur at ex- 
treme altitutdes. 

It would therefore appear that anoxic anoxia and aeroembolism constitute the 
major factors in causing death from explosive decompression, and that the physical 
expansion of intrapulmonary gases plays a relatively minor part in the etiology of 
injuries so produced. 


SUMMARY 

In experiments designed to eliminate the presence of anoxic anoxia, rats were 
explosively decompressed to normal atmospheric pressure after exposure to positive 
pressures of from 2 to 30 atmospheres for varying time intervals. Decompression 
from 2 to as much as 6 atmospheres (equivalent gas-expansion differential, 18,000 to 
to 42,000 ft.) was well tolerated, and such decompressions may be considered to be 
entirely innocuous in the rat. 

Of rats decompressed after 30-niinute exposures to 7 to 11 atmospheres of pres- 
sure, 77 per cent died. Aeroembolism was present in 82 per cent of these animals, 
with pulmonary lesions in 18 per cent of cases. AU animals succumbed following 
decompression from 11 atmospheres (gas expansion equivalent, sSjOOo feet) when so 
maintained for 30 minutes prior to release of pressure. Without exception these 
animals exhibited gas emboli, while pulmonary hemorrhage was present in only 15 
per cent. 

All rats which died following explosive decompression from 20 atmospheres of 
pressure gave evidence of severe aeroembolism, while pulmonary lesions could be 
demonstrated in only 43 per cent of such animals. Decompression after a so-second 
exposure to 30 atmospheres of pressure was invariably fatal. On the other hand, all 
survived this pressure change when time under pressure was reduced to 10 seconds. 
Pulmonary hemorrhage occurred in 50 per cent of rats dying from anoxic anoxia 
(nitrogen at normal atmospheric pressure). 

These experiments indicate that anoxic anoxia and aeroembolism constitute the 
major factors in the etiolog)'- of explosive decompression injury, and that intrapul- 
monaiy gas expansion may be considered of relatively minor importance as a lethal 
agent. 
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MINIMAL EFFECTIVE DOSE OF INTRAVENOUSLY 
ADMINISTERED HISTAMINE IN PREGNANT AND 
NON-PREGNANT HUMAN BEINGS 

HENRY JANOWITZ and M. I. GROSSMAN 
From the Department of Clinical Science, University of Illinois College of Medicine 

CHICAGO, ILLINOIS 

I N VIEW of the problems which surroimd the question of the physiological role 
of histamine, this study was undertaken to determine the minimal effective dose 
of histamine administered by rapid intravenous injection. Reported data are 
scattered and incomplete, although the minimal effective dose of histamine given by 
continuous intravenous infusion in man has been carefully worked out for gastnc 
secretion (i), facial flush and changes in cerebral blood vessels (2). 

In view of the rise of the histaminob'tic property of the blood which has been reported dunng 
pregnancy (3), it seemed desirable to determine the minimal effective dose in a group of pregnant 
females as well, in an effort to find evidence for a physiological r61e for this elevated blood 
‘histaminase’. 

Harmer and Harris (4) gave 20 micrograms of histamine.base’ intravenously on 12 occasions to 
an unspecified number of patients, all of whom experienced metallic taste and facial flush. Almost 
always they felt warm, and frequently, although less constantly, they experienced throbbing in the 
head. Best and McHeniy (5) noted that 15 micrograms of histamine gave a metallic taste, tightness 
of the head and headache. Pickering and Hess (6) produced headache regualrly ndth 40 micrograms 
of histamine. Weiss and co-workers (2) stated that the minimal intravenous dose of histamine that 
would exert changes in the cerebral and facial vessels was 7 micrograms of histamine, as measured by 
flush and rise in cerebro spinal fluid pressure. 

Storch (7) chose 20 micrograms as the “active subthreshold dose” because he found that it did 
not produce headache in most instances in normal individuals. 

Rothlin and Gundlach (8) obtmned no gastric response in dogs by the rapid intravenous injec- 
tion, in six instances, of doses of histamine varj'ing from 0.05 mg to 0.4 mg. 

METHODS 

This study employed 36 white adult subjects: 12 normal males, 14 non-pregnant 
females, and 10 pregnant females in the second and third trimesters of pregnancy. 

Histamine dihydrochloride, diluted with physiologic saline so that i ml. of solu- 
tion contained 20 micrograms of histamine base, was administered intravenously as 
rapidly as possible through a 23-gauge needle in volumes which ranged from 0.2 ml 
to 1.5 ml. The subjects were seated comfortably in a good light. To avoid the 
distracting influence of the venipuncture the intravenous injection was made a short 
time after the needle was introduced into the vein following the release of the tourni- 
quet. The subjects were unaware for the most part of the expected reactions, and 
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were simply asked to describe in detail aU their sensations as they occurred, while they 
were being observed for facial flush. 

The rapid intravenous injection of histamine produced the responses which have 
been described in detail by others. A metallic taste was perceived usually 20 to 30 
seconds after injection, followed by a marked facial and neck flush (25-35 seconds 
after injection). This was usually accompanied by sensations of warmth over the 
entire face and forehead. Between 40 and 60 seconds after injection, dizziness, 
lightheadedness and vertigo were felt, associated with the sensations of pressure, 
throbbing and ache or pain within the head. The headache or pain produced by the 
doses employed reached a peak of intensity within i to ih minutes, and subsided 
promptly within 2 to 3 minutes after injection. 

After some preliminary observations the initial dose employed was usually 4 or 
10 micrograms. These were randomized and repetition of intravenous doses was 
done no sooner than at 15-minute intervals, or after all symptoms had disappeared. 
In 30 subjects only two different doses were required to elicit clear-cut differences of 
response; in 6 subjects three different doses were required, although threshold doses 
for every type of response were not obtained in every individual, in the range of doses 
tested. 

Five control subjects were retested one week followLog the original observation. 
There was complete reproduction of their original responses at the same dose levels. 

RESULTS 

From the results summarized in table 1 and figure i, it is apparent that for any 
given individual the minimal effective dose of histamine is not the same for all of the 
phenomena studied. It is apparent also that doses of histamine of the range of 2 to 4 
micrograms are capable of stimulating taste receptors and effecting changes in facial 
and cerebral blood vessels in 25 per cent of the subjects studied, and that doses of 10 
micrograms effected these changes in 75 per cent of the subjects. 

Further, the range of minim al effective doses of histamine in the group of preg- 
nant subjects is within the range of the minimal effective doses of the control group. 

DISCUSSION 

The changes induced by histamine in this study fall into three groups : r) changes 
in taste receptors, 2) changes in facial vessels manifested by flush and sensations of 
warmth and 3) accepting Pickering’s analysis (6), changes in cerebral blood vessels 
manifested by sensation of dizziness, and headache or pain. 

Although our values are somewhat smaller, our findings are in keeping with those 
reported by Weiss et al. (2), who studied cerebral vascular changes by the rise of 
cerebrospinal fluid pressure. They clearly indicate the extreme sensitivity of these 
vessels. With headache and flush as our criteria we were unable to note any marked 
difference between cerebral and facial blood vessels. 

It is of interest in this connection that the minimal effective dose of histamine 
administered by continuous infusion in man is 0.004 /zg/kg/min. for gastric secretion; 
0.001-.04 /tg/kg/min. for facial flush, and 0.02-0.05 /^g/kg/min. for headache (i, 2). 

The finding that the minimal effective dose of histamine is the same for the 
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pregnant group as for the control group is of considerable interest in view of the 
marked rise in histaminolytic power of the blood in pregnancy. Ahlmark (3) in a 


Table i. Minimal ErPEcnvE dose of histamine in ihcrograms of base 


SUBJECT 

SEX 

TASTE 

PEHSH 

WAUMTH 

DIZnKESS OR 
VERTIGO 

HEAD PAIN OE 

headache 

I 

M 

10 

10 

20 


20 

2^ 

M 

10 

10 

10 


20 

3 ^ 

M 

4 

4 

10 


10 

4 ^ 


10 

10 

10 


10 

5 

M 





10 

6 

M 


4 

10 


4 

7 

M 


10 


4 


8 

M 


4 

10 

4 

10 

9 

M 

4 

10 1 

4 


4 

10 

M 

10 

10 

10 

20 

4 

II 

M 

10 

10 1 

10 

10 

10 

12 

M 

1 10 




10 

13^ 

F 

2 

4 

2 

2 

2 

14 

F 

10 

10 


10 

10 

15 

F 


10 



10 

16 

F 

4 

10 


10 

10 

17 

F 

10 

10 


4 

4 

18 

F 

4 

4 

HH 

4 

20 

ig 

F 

20 

10 


10 

20 

’20 

F 

10 

10 

4 

10 

10 

21 

F 

30 

20 

1 

20 

30 

22 

F 

10 

10 



1 10 

23 

F 

10 

4 

4 


10 

24 

F 

4 

10 

10 

4 

4 

25 

F 

4 

4 

10 

1 10 

4 

26 

F 

10 

4 

4 


10 


MONTH OP 
PfiEGNANCT 

TASTE ! 

i 

TZVSU 

t WARMTH 

1 

DIZZINESS OR 
VERTIGO 


27 

9 



10 


10 

28 

8 



4 



29 

7 


10 

10 


4 

30 

8 

10 

10 

10 

10 

10 

31 
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4 

10 

ib 

10 

JO 

32 

7 

10 

10 

10 

10 

IS 

33 

6 

4 

4 

A 

10 

JO 

34 

6 

4 

10 

. 

:fO 

10 

JO 

35 

6 

15 

15 

IS 

10 

IS 

36 

5 

10 

10 

10 

JO 

4 


^ Retested subjects. 


recent and careful study has reported that during the second and third trimesters, on 
the average, i ml. of plasma of a pregnant woman will inactivate 5 micrograms of 
histamine per hour. This is equivalent to 0.2 Winthrop unit of histaminase per ml. 
of blood. 
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It has recently been shown in the dog that the intravenous injection of 20 units of 
hog kidney histaminase per kilogram of body weight, which is equivlaent to 0.4 units 
per ml. of blood and which is capable of inhibiting the minimal effective gastric 
secretory dose of histamine, does not inhibit the vasodepressor response of a minimal 
effective dose of histamine given intravenously (9). This minimal effective vaso- 
depressor dose is six times larger than the minimal effective dose for gastric secretion 
(i). However, larger doses of histaminase (looo u/gm.) definitely inhibited the 
vasodepressor action of histamine in cats (9). 



Fig. I. Vertical xines show trequeucy distribution ol the number of reactors at each 
dose level. Sloping lines show the cumulative percentage of persons reacting at the various dose 
levels. The percentage scale is in probability units so that a straight line would result if there 
were a normal frequency distribution. The fact that the cumulative percentage lines are truncated 
indicates an anormal frequency distribution. 

It should be emphasized that the speed with which an enzyme acts depends, 
among other factors, upon the concentration of the enzyme. The failure of the 
histaminase of pregnancy to elevate the threshold for the vascular responses to intra- 
venously injected histamine reflects an inadequate concentration rather than slowness 
of reaction. That such enzymatic actions may occur within a matter of milliseconds 
in the presence of adequate concentrations of enzyme has been shown by Nachman- 
sohn for the cholinesterase of neural tissue (10). It is also possible that the blood 
‘histaminase' of pregnancy may be capable of neutralizing the minimal effective 
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gastric secretory dose, although by the method of rapid intravenous injection of 
histamine no elevation of threshold was elicited in the pregnant group. 


SUMMARY 

Two to four micrograms of histamine base injected rapidly intravenously 
stimulated taste receptors and effected changes in facial and cerebral blood vessels in 
25 per cent of the subjects tested. Ten micrograms of histamine effected these 
changes in 75 per cent of subjects tested. The range of minimal effective doses of 
histamine given rapidly intravenously is the same for pregnant and non-pregnant 
subjects. 
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WORK PERFORMANCE OF NORMAL RATS GIVEN CON- 
TINUOUS INJECTIONS OF ADRENAL CORTEX 

EXTRACTS 


DWIGHT J. INGLE, JAMES E. NEZAMIS and JOHN W. JEFFRIES 
From the Research Laboratories ^ The Upjohn Company 
KAI.AMAZOO, inCniGAN 

I T HAS been established that the resistance of non-adrenalectomized animals to 
certain types of stress can be increased by the administration of adrenal cortex 
extracts and steroids. However, the known conditions where these hormones 
benefit non-adrenalectomized animals are few and the results of most studies of this 
general problem have been negative. The field has not been fully explored and some 
claims of positive results will require confirmation before they become acceptable. 

In the early y^ears following the isolation of potent adrenal cortex extracts there 
were a number of reports that normal animals were made more resistant to fatigue 
by the administration of adrenal cortex extracts. The reports (1-3) of a synergistic 
effect of adrenal cortex extract and ascorbic acid upon the work performance of non- 
adrenalectomized rats prompted one of us (Z>. J. /.) to carry out an extensive series 
of studies (unpublished) of this problem during 1936 to 1938. Adrenal cortex ex- 
tracts and ascorbic acid were tested separately and in combination upon the ability 
of normal rats to work in the following situations: 1) the swimming time of the un- 
anesthetized rat weighted with 10 gm. and weighted with 20 gm.; 2) the running time 
of the unanesthetized rat in a motor-driven revolving cage; j) the work of the gas- 
trocnemius muscle of the anesthetized rat during 120 hours of faradic stimulation. 
Amounts of adrenal cortex extracts up to 3 cc. per day (75 gm. of gland per cc.) were 
tested in each study. All of the results were negative. 

More recently we have developed an apparatus for the continuous injection of 
hormones and a modification of the muscle-work test (4) which permits the activation 
of all of the musculature of both back limbs. This procedure is a severe stress 
which rapidly produces hypoglycemia in normal rats unless glucose is administered. 
Some working normal animals develop hypoglycemic convulsions and die within 24 
hours. Since adrenal cortex extract tends to stimulate gluconeogenesis and to con- 
serve carbohydrate in both adrenally insufficient and normal animals, at least under 
resting conditions, and since the cortical hormone requirement of the adrenally insuf- 
ficient rat is very high under these conditions (5) we have reinvestigated the effect of 
continuous injections of adrenal cortex extract upon the work performance and 
survival of the non-adrenalectomized rat. The results were negative. 

METHODS 

Male rats of the Sprague-Dawley strain which weighed 200 dh 2 gm. were used. 
These animals were free from parasites and infections. Tlie diet was Archer Dog 
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Pellets. The procedures used for the stimulation of muscle were according to Ingle 
(4) with the following modifications. A Nerve Stimulator, Model B, Upjohn, was 
used to stimulate muscle at the rate of 5 times per second. The duration of each 
pulse was 20 milliseconds and the intensity was 20 milliamperes. An electrode 
was placed on the lower tibia of the left back leg and the second electrode on 
the contralateral back foot, thereby activatmg all of the musculature of both hind 
legs. The gastrocnemius muscle of the left hind leg was weighted with 100 gm. The 
distance that the weight was lifted was registered on automatic work recorders. 
Each recorder revolution represented approximately 400 gm.-cm. of work. 

A solution of 0.9 per cent sodium chloride with and without beef adrenal extract 
was either given by subcutaneous injection or it was infused into the jugular vein at 
a constant rate by means of a constant injection apparatus which simultaneously 
delivered fluid from each of 12 syringes at the rate of 20 cc. in 24 hours. The adrenal 
cortex extract represented 40 gm. of beef adrenal extract per cc. and was free from 
alcohol. All doses of ACE were diluted to 20 cc. with saline. Temperature was 
constant at 28 ± 0.5° C. 

The animals were anesthetized with phenobarbital sodium and cyclopal sodium 
(4). They were subjected to the work tests as soon as surgical anesthesia was at- 
tained. Stimulation was continued until the muscle ceased to respond or for 24 hours. 

EXPERIMENTS AND RESULTS 

The data of these experiments are summarized in table i. Twelve pairs of rats 
were represented in each experimental group. The animals treated with ACE and 
their controls were always tested simultaneously. 

Three groups of rats were tested without prior fasting. The doses of ACE were 
5, 10 and 20 cc/rat/ 24 hours. The solutions were given by subcutaneous injection. 

Two groups of rats were fasted for 24 hours prior to the beginning of the work 
test. The amoimts of ACE were 10 and 20 cc/rat/24 hours. The solutions were 
given by subcutaneous injection. 

One group of rats was fasted for 24 hours prior to the beginning of the work 
test. One rat of each pair received 20 cc. of ACE per 24 hours by intravenous 
injection. 

Two groups of rats were fasted 32 hours prior to the beginnmg of the work test. 
One rat of each pair was given 2 cc. of ACE by subcutaneous mjection at 8, 6, 4 and 
2 hours prior to the beginning of the work test. The control animals received saline 
injections. The experimental animals received 20 cc. of ACE/rat/24 hours during 
the work test. The results of these two groups are combined together in table i. 

There was no significant difference between the average amounts of work per- 
formed by rats which received ACE and their controls which received saline in any 
of the experimental groups. The average amount of work done by each of the 96 
rats which received ACE was 19,470 recorder revolutions and the average for all 
of the control animals was 19,465- 

There was no tendency for the administration of ACE to reduce the number of 
deaths from h3qD0glycemia during work. Among the 36 pairs of non-fasted rats 4 
of the ACE rats died and 6 of the saline controls died. Among the 36 pairs of rats 
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which fasted 24 hours, ii of the ACE rats died and 10 of the saline controls died. 
Among the 24 pairs of rats which fasted for 32 hours, 8 of the ACE (pre- treated) 
rats died and 4 of the saline controls died. 

One group of rats was fasted for 32 hours and one rat of each pair was given 2 cc. 
of ACE at 24, 26, 28 and 30 hours by subcutaneous injection. The control animals 
were given equal volumes of saline. At 32 hours the animals were anesthetized with 
cyclopal and the liver glycogen was determined according to Pabst elaL (6). The 


Table i. Work performance of normal rats given continuous injections of ace (beef 

ADRENAL CORTEX EXTRACT) 


ACE PER 

ROUTE OF 

FAST PRIOR 

TO WORK, 

PRE-TREAT. 
PRIOR TO 

NUMBER 
PAIRS OP 

TOTAL WORK*, AVEEACES AND RANGE 

24 HRS. 

INJECTION 

HRS, 

WORK, HRS. 

RATS 

ACE 1 

Control 

CC. 







5 

SQ 

0 

i 

0 

12 

24940 

15472-31014 

22132 

5109-37875 

10 

SQ 

0 

0 

12 

25934 

10478-40143 

23865 

5937-37333 

20 

SQ 

0 

0 

1 

12 

23519 

10869-33353 

247S0 

10824-36001 

10 

SQ 

24 

0 

12 

! 

12506 

2179-23271 

15259 

4420-25398 

20 

SQ 

24 

0 

1 

12 ' 

16485 

5711-31720 

14124 

7461-24670 

20 

IV 

24 

0 

12 

16745 

8142-25450 

18904 

9996-24808 

20 

IV 

32 

8 

24 

17816 

5236-26490 

18329 

7285-25420 


^ Work is expressed as recorder revolutions. Each recorder revolution represents approxi- 
mately 400 gram-centimeters of work. 

Average for all ACE, 19,470; for all controls, 19,465. 


average amount of glycogen in the livers of tlie ACE rats was 56.7 mg. and the aver- 
age amount in the livers of the controls was 5.33 mg. 

DISCUSSION 

We have been unable to show that the work performance of the non-adrenalec- 
tomized rat is improved by the administration of large amounts of adrenal cortex 
extract. The secretory activity of the adrenal cortices of the intact rat is apparently 
capable of meeting the needs of the organism under these conditions. However, it 
has been shown that the removal of one intact adrenal does limit the ability of the 
rat to work (5). 
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Since the normal rat develops hypoglycemia and may die under the stress of 
work, it was anticipated that the administration of ACE should offer some protection 
against collapse from hj^oglycemia just as the resistance of the normal rat (7) to 
insulin can be raised by the cortical hormones. This did not occur even when the 
rats were fasted prior to work. Pretreatment with ACE did increase the level of 
liver glycogen ten-fold but the actual energy value of this increase in liver glycogen 
is negligible when the carbohydrate requirement of the working rat is considered (8). 

SUMMARY 

Normal rats were subjected to the faradic stimulation of both hind legs at a 
rate of 5 times per second until death occurred or for a period of 24 hours. The 
continuous subcutaneous and intravenous administration of adrenal cortex extract 
in amounts of 5, 10 and 20 cc. of beef adrenal extract/rat/24 hours failed to improve 
the work performance of either fasted or non-fasted rats. The pretreatment of the 
fasted rat for 8 hours prior to the beginning of the work test failed to either improve 
the work performance of the animals or to protect against collapse (hypoglycemic), 
although this procedure caused a ten-fold increase in liver glycogen in a similar series 
of animals. 

We v.ish to express our appreciation, to Miss Joan E. Wilhelm who carried out the determinations 
of liver glycogen in this study. 
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ACUTE HYPOTHERMIA IN GUINEA PIGS^ 

R. E. GOSSELIN^ 

Fmn the Department of Physiology ^ School of Medicine and Dentistry, University of Rochester 

ROCHESTER, NEW YORK 

M ost investigators of hypothermia in mammals agree that anoxia plays 
a significant r 61 e, if not the dominant one, in death by cold. Although 
the literature contains no conclusive proof that the diminution in ox}'’gen 
consumption during hypothermia is relatively greater than the concomitant reduc- 
tion in the oxygen requirement, much evidence supports this thesis. The major 
differences of opinion among investigators of this problem arise in defining the 
mechanism or mechanisms by which anoxia occurs. 

Pioneer experimenters were impressed with the profound depression of respira- 
tion, leading eventually to apnea often before cardiac standstill. Their observations 
have led to the conclusion that hypothermia is responsible for a direct inhibition of 
the respiratory reflexes and that the ensuing anoxia is predominantly anoxic in type. 
In this regard the apparently beneficial influence of artificial respiration is often cited. 
On the other hand, Crismon (i) believes that a stagnant anoxia is the critical factor, 
arising from a suppression of cardiac output as evidenced by a profound slowing of 
heart rate and terminal drop in arterial blood pressure; in his opinion apnea is only 
secondary to cardiac failure. German experiments summarized by Alexander (2) 
support a similar thesis. Werz (3) has furnished evidence that a lowered rate of 
dissociation of oxj'^hemoglobin may be a limiting factor in the availability of oxygen 
for tissue metabolism. Dill and Forbes (4) have calculated that in spite of pre- 
sumably high alveolar O2 pressures the arterial oxygen tension was significantly 
reduced by cooling their human subjects; they suggest that slow diffusion of oxygen 
across the alveolar walls gives rise to anoxia. Denying the crucial r 61 e of anoxia, 
Grosse-Brockhoff and Schoedel (5) stress a direct hypothermic paralysis of medullary 
centers and an impairment of processes of excitation and conduction in the heart. 

The data reported here represent diverse physiological observations on unanesthe- 
tized guinea pigs during and following cooling in an air jacket surrounded by ice 
water. These measurements include responses of colonic temperatmre, heart rate, 
ventilation rate (minute respiratory voliune), oxygen consumption and carbon 
dioxide output. Attempts are made to correlate these physiologic indices with the 
observed behavior of each animal and with its success or failure to survive these 
acute and severe reductions of body temperature. 
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PROCEDTJKE 

Guinea pigs of both sexes ranged in body weight from 250 to 380 gm. Each experimental 
animal was carefully restrained by adhesive tapes attached to a wire mesh which formed an open 
C3dinder loosely encircling the torso. The animal and its restraints were tlien inserted into a large 
surgical rubber glove which was suspended vertically and lowered into an ice water bath so that only 
the open end of the glove and the animal’s head remained above the water surface. By this tech- 
nique the animal’s fur remained dry throughout (except on the perineum due to urination). Because 
an appreciable but variable amount of air was trapped in the glove during the immersions, rates of 
cooling were slower and presumably more variable than those that might be observed with direct 
immersion; perhaps the dry fur lent more uniformity to subsequent rates of rewarming in air. After 
a severe reduction in bodj’ temperature (to i7-2i°C.), the water bath and glove were removed, and 
the animal was allowed to rewarm in still air (usually at either 25° or 27.5°C.). Although many 
animals were maintained in a vertical posture for 6 to 8 hours, no significant changes in rectal tem- 
perature, heart rate, ventilation rate or oxj’gen consumption could be detected when the animal was 
restored to a prone position before or after the immersion. 

An index of the temperature of deep tissues was obtained with a calibrated constantan-iron 
thermocouple inserted per rectum so that the junction laj' within the colon at a depth of 6 to 8 cm. 
(approjdmately at the level of the hilus of the left kidnej')- ^Vhen the junction at this depth was 
moved i or 2 cm. in either direction, the recorded temperature did not change bj' more than ic.r^C. 
Although the junction was exposed, both insulated wires from it were encased in a soft rubber cathe- 
ter, and the entire unit was firmly held in place throughout the entire period of cooling and rewarming. 
A recording potentiometer automatically registered the thermoelectric voltage every 3 minutes 
throughout the test. The sensitivity of the apparatus was i:o.i°C. 

In 9 tests, needle electrodes connected to a standard string galvanometer were inserted sub- 
cutaneously over the precordiura and in the groin. Electrocardiograms were photographed peri- 
odically during both cooling and recover}'. Heart rates measured from these records were further 
supplemented at low rates bj' counting directly the oscillations of the galvanometer string. 

The measurement of ventilation rate (minute respiratory volume) in small unanesthetized 
mammals offers several technical problems. A respiratory mask was eventually constructed which 
proved air-tight on all guinea pigs tested. The crucial feature of the mask was a broad tight cufi of 
dental dam acting both as an air seal around the neck and as a harness to hold the mask in place. 
Around this cuff was wrapped a long strip of dental dam about 5 cm. wide; it extended well over the 
animal’s shoulders. Small rubber flap valves connected to the mask offered negligible resistance to 
both inspiration and expiration. Generally room air entered the inspiratory valve but occasionally 
pure oxj'gen was introduced. Expired air was collected in a small spirometer (capacity i liter) and 
excursions of the spirometer drum were recorded continuously by a pen on a moving paper belt. 
As calculated from the slopes of these lines, our values of ventilation rate are dependable within 5 to 
10 ml/ min. Each recorded value of the minute respiratory volume represents the average response of 
several minutes (generally 2 minutes but as long as 10 minutes during the respirator}' depression of 
severe h}’pothermia). Volumes of expired air were measured at 2S°C. and, in general, ventilation 
rates have not been corrected from that to body temperature. 

Ventilation rates measured prior to cooling appeared inappropriately high, even after acknowl- 
edging that these unanesthetized animals were not in a truly resting state as judged by their inter- 
mittent but persistent struggling. Thus initial values in various experiments ranged from 360 to 
520 ml/min. (average 420). Although the mask and valves were designed so that the dead space was 
only a few ml., any dead space in the apparatus is made significant by the inevitably rapid breathing 
and low' tidal volume of these small mammals. Although this respiratory dead space must have 
varied from test to test it remained relatively constant in any one experiment. Therefore, relative 
changes in the observed ventilation rate during the course of hypothermia are valid, even though 
absolute values are of doubtful physiological significance. For this reason, all ventilation rates are 
here reported in percentage of the initial rate prior to immersion, a value obtained by averaging 
several observations over a period of at least one hour. These duplicate determinations seldom varied 
from their mean by more than 5 per cent. 

In 6 tests, samples of expired air were taken periodically from the spirometer and analyzed for 
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oxygen and carbon dioxide. The gas analyzer, described by Rahn c( al. (6), employes a Pauling 
oxygen tensimeter and a Cambridge thermoconductivity meter for carbon dioxide. Because of dead 
space within the mask and particularly because of a common pathway from the mask to inspiratory 
and expiratory valves, samples of e.xpired air were relatively high in oxygen (e.g., 18.7%) and low in 
carbon dioxide (e.g., 1.9%). It is apparent, liowever, that absolute values of oxygen consumption 
and carbon dioxide production calculated from these analyses are not invalidated by such dead space. 
Values reported are expressed in mmVmin/gm. of body weight, and they are undoubtedly dependable 
within ±10 per cent. 


RESULTS 

Behavior. The average pre-immersion colonic temperature was 38.i°C, (stand- 
ard deviation ± 0.75). Within 3 to 6 minutes of exposure to cold, the body tem- 
perature invariably fell; between 35 and 22°C., the rate of cooling was sensibly 
linear (0.2 to o.3®C. per min). Shortly after the immersion, all animals intensified 
their strugglmg. Respiratory and ventilation rates accelerated during this initial 
period. Some animals consistently vocalized, others never. Gnawing was a con- 
stant feature of their efforts to escape. Tearing, salivating and chewing were 
prominent on occasion. Shivering as such was not invariably present, the increased 
motor activity often being of a jerky convulsive character. Such purposeful activity 
generally ceased at about 26'’C., shortly after the beginning of a gradual fall in 
ventilation. When present, shivering disappeared a few degrees lower; it was often 
superseded by a slow rhytlimic tensing of the limbs. By 2o°C., all extraneous 
motor activity had generally disappeared; muscles became flaccid; respirations were 
slow, shallow and gasping (though seldom irregular). There Avere no detectable 
responses to cutaneous stimulation, 

A critical but sublethal exposure was intended, but no smgle criterion proved 
to be a reliable signal for terminating the cooling. As judged in these tests, the 
colonic temperature itself was not crucial. Some animals survived briefly at 17°, 
others succumbed at temperatures between 20° and 21°. As demonstrated later, 
data on heart rates and ventilation rates are valuable but not predictive, since even 
apnea and ventricular fibrillation may be reversible. The decision to terminate 
an immersion remained arbitrary. Minimal temperatures ranged from 17.1 to 21.8°, 
averaging 19,3° C, When the guinea pigs were restored to still air at 25°C. (or 
27-5°)) colonic temperatures continued to fall for 9 to 12 minutes and then rose 
slowly. 

At this point, heat production was generally so low that the living animal 
warmed little faster than the dead one. Gradually heat production assumed the 
major role in repaying the thermal debt. Relative to the motor activity during 
cooling, rewarming was a peaceful operation. A few animals were restored to normal 
colonic temperatures without displaying any detectable shivering or struggling. 
Generally, however, both appeared, though only at higher temperatures than those 
at which they had ceased during cooling. However intense this activity during the 
recovery process, it generally lessened after 3 to 4 hours. Simultaneously, the 
ventilation rate and oxygen consumption fell. As a result the colonic temperature 
tended to level off, often far short of normal levels. 

Heart Rales and Electrocardiograms. Figure i illustrates the progressive fall in 
heart rate which accompanied cooling (9 tests). It is noteworthy that cardiac slow- 
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ing appeared as soon as there was a detectable fall in colonic temperature, in spite 
of the frenzied physical exertion which characterized the early stages of cooling. 
To be sure, the rate of fall was slightly slower during the initial decrement of 2 to 3° 
C. than thereafter. Between 36 and 23°C., the relationship between colonic tem- 
perature and heart rate was sensibly linear. The regression line (obtained by the 
method of least squares) had a formula y = + 17.5 x — 312 (where y = heart beats 
per min. and x = colonic temp, in °C.). Comparable data on adult anesthetized 
rats reveal a slope of 15 beats per minute per °C. (i); and on unanesthetized rats 19 
beats per minute per °C. (7); but at all temperatures, rates in rats are 50 to 75 beats 
per minute higher than in guinea pigs. The latter difference may be a significant 
factor in the greater susceptibility of guinea pigs to a hypothermic death. 



Fig. I. Relationship between heart 
RATE and colonic temperature in 9 guinea 
pigs during cooling between 35“ and 23° C. 
Lines for unanestlietized rats after Hamilton 
(7), for anesthetized rats after Crismon (i). 


The high correlation illustrated in figure i suggests that the body temperature 
is a direct determinant of heart rate. The relationship appears to be independent 
of the rate of cooling. When the rectal temperature was held at a constant low' 
level (2i.6°C., fig, 6), the heart rate remained relatively stable for several hours. 
Below 20 to 22°C., however, the heart rate became erratic. In some tests, the rate 
leveled off and in others it dropped precipitously. At rates below' 70 beats per 
minute, the rhythm generally became irregular. These arrhythmias usually ap- 
peared to be of sinus or nodal origin. Once established, the arrhythmia generally 
persisted until a rise in body temperature had accelerated the rate to well over 100. 
In one test (fig. 5), an irregular ventricular rate of not over 13 beats per minute 
persisted for 30 minutes and included short episodes of ventricular fibrillation, after 
which a normal sinus rhythm returned as the animal w'armed in air. 
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Because of muscle action potentials, no detailed electrocardiographic analysis 
was possible. Data on anesthetized rats have been well summarized by Crismon (i). 
In his studies abnormalities associated with cooling included prolongations of the 
PR, QRS and ST intervals, voltage increases, changes in the contour of the P- and 
T-waves, elevations of the ST segment, production of various degrees of A-V block, 
sinus and nodal arrhythmias, complete disappearance of P-waves, and ectopic 
ventricular beats. Many of these phenomena were identifiable in our records. A 
slow bizarre pattern diagnostic of ventricular fibrillation, seen once, has not been 
previously described in hypothermia. The mechanism of origin of these abnormal- 
ities has recently been investigated by such techniques as vagotomy (5), local heating 
of the heart (8), artificial respiration (i), and injections of atropine, glucose, calcium 
and cardiac glycosides (9, 10). Crismon (8) believes that terminal arterial hypo- 
tension in cooled rats is due to this bradycardia (a direct temperature action on the 
pace-makers and conducting mechanism) and to impaired ventricular emptying (an 
expression of inadequate myocardial nutrition). According to him, circulatory 
collapse is the critical feature of h5pothermic death in rats. Data on guinea pigs 
are not complete enough to appraise the functional significance of the electrocardio- 
graphic findings. 

• All investigators agree that an animal which has survived a severe cooling 
carries no stigma of residual cardiac damage. In the present study, too, electro- 
cardiograms returned to normal. In the early phases of recovery, arrhythmias 
disappeared as the rate rose. Although rewarming was 4 to 5 times slower than 
cooling, the correlation between heart rate and colonic temperature was essentially 
the same whether the temperature was rising or falling. A tendency was noted, 
however, for the rate at a given temperature to be slightly higher during the cooling. 
This may be due to the probability that heart temperature was slightly higher 
than colonic temperature during cooling and conversely during rewarming. If this 
interpretation is correct, the two temperatures never differed by more than o.5°C. 

Venlilation Rate and Oxygen Consumption. Figure 2 demonstrates the relative 
changes in ventilation rate during the cooling of 15 guinea pigs (dark line is the 
average’). Within i to 2 minutes of the immersion, before any drop in deep body 
temperature, struggling increased and hyperventilation began, presumably due 
to cutaneous stimulation. Maximal ventilation rates, however, did not appear 
until an appreciable reduction in colonic temperature (average SS^C.), and amounted 
to 30 to 100 per cent above pre-immersion values (average 70%). Below 35°C. 
ventilation rates declined steadily, reaching control values at 26° to 28° C. and 
approaching zero usually below 2o°C. The variability shown in figure 2 is unex- 
plained, but those animals with rates well below the ‘average’ line died in spite of 
their relatively mild exposures. Apnea, however, does not necessarily preclude a 
spontaneous recovery provided rewarming is commenced promptly after the cessa- 
tion of breathing. For example, while in room air immediately after its immersion, 
one animal was apparently apneic for 20 minutes, during which time its colonic 
temperature rose i.2°C. At this point, breathing reappeared spontaneously, and 
its recovery was subsequently uneventful. 

The literature contains several detailed analyses of the relation between 
the oxygen consumption of guinea pigs (and other small mammals) and the envi- 
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ronmental air temperature (ii), but a systematic comparison with the body 
temperature in deep h3rpothermia was not found. In the present study values of 
oxj’^gen consumption (fig. 3) paralleled those of ventilation rate. The average 
initial rate of 20.8 mmVmin/gm. is 50 per cent higher than values reported for 
resting metabolism (ii, 12), a difference readily ascribable to struggling even before 
the immersion. Maximal rates of 33 to 38 mmVmin/gm. (2-3 times estimated 
basal) occurred at colonic temperatures of 35 to 36°C. These values are 90 per cent 
above the peak metabolism observed by Herrington (ii) when he exposed guinea 
pigs to cold air at i4°C. At temperatures below 27 to 29°C., oxygen consumption 
dropped below pre-cooling rates and thereafter declined steadily along with the 



COeONIC TEMPERATURE CC) 

Fig. 2. IteLATiONSHiP BETWEEN VENTILATION RATE and colonic temperature during cooling 
of 15 guinea pigs. Dark line is the line of ‘averages’ in the ordinate. 

ventilation rate. With anesthetized dogs immersed in cold water, Grosse-Brockhoff 
and Schoedel (5) observed maximal rates of oxygen consumption at rectal tempera- 
tures of 32-33°C.; these rates were 100 to 300 per cent above initial values. In men 
with rectal temperatures of 3S°C., Dill and Forbes (4) observed metabolic rates 
three times basal. 

It is instructive to compare rates of ventilation and of oxygen consumption. 
The oxygen ventilatory equivalent (ventilation rate per 100 ml. oxygen uptake) is a 
convenient index for this purpose. In calculating this ratio, volumes of expired air 
(ventilation rate) were first converted to those at colonic temperatures (i.e., estimated 
lung temperature). Dill and Forbes (4) observed high ventilatory equivalents in 
human beings (schizophrenic patients) cooled to rectal temperature of about 3o°C., 
at which point oxygen consumptions were still above basal. Figure 4 demonstrates 
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that in guinea pigs this ratio remained high even during the severe respiratory and 
metabolic depression of deep hypothermia. Since the ventilation rate remained 
high relative to the oxygen consumption even to the stage of terminal apnea, the 
progressive fall in oxygen consumption cannot be ascribed to a paralysis of external 
respiration. 


Pig. 3, RELATIONSmP BETWEEN OXY- 
GEN coNSUAipriON (mmVmin/gni. body 
weight) and colonic temperature before, dur- 
ing and after cooling of 6 guinea pigs. 
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Fig. 4 . Relationship between oxy- 
gen VENTILATOEY EQUIVALENT (l/lOO ml. 
oxygen consumed) and colonic temperature 
before, during and after cooling of 6 guinea 
pigs. 


In mild prolonged hypothermia in man, Dill and Forbes (4) report a fall in 
respiratory quotient (RQ) and suggest that a depletion of liver glycogen is responsible. 
In the present study, a correlation between RQ and colonic temperature cannot be 
demonstrated unequivocally. A trend of questionable significance consisted of an 
elevation of RQ during the early phases of cooling, and a return toward the pre- 
cooling average (0.85) in deep hypothermia. Late in recovery, the RQ distinctly 
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fell as the body temperature returned toward normal. These shifts may indicate 
no more than a depletion of carbohydrate reserves. 

During rewarming the ventilation rate and oxj^gen uptake slowly rose, but both 
rates were lower than those during cooling (at the same colonic temperature). The 
difference is probably related in part to the development of fatigue and decrease in 
struggling. Except for heart rate, vital signs during rewarming varied widely 
among the tests. The oxygen consumption (fig. 3) and ventilation rate may rise so 
slowly that pre-cooling values are never reached, may return to pre-cooling values 
in mid-recovery (about 27°C.) and then stabilize as the temperature continues to 
rise, or may climb late in mid-recovery to slightly above pre-cooling rates and then 
return to initial values. Of course, those animals with the most intense metabolism 
restored normal body temperatures fastest. Among the others, late fatalities were 
frequent, as demonstrated below. Early in the rewarming, however, it was im- 
possible to predict which of the above metabolic patterns would develop. A con- 
sistent trend during recovery was a steady decline in the oxygen ventilatory equiv- 
alent (fig. 4) to levels 10 to 40 per cent below pre-cooling values. Data are in- 
adequate to appraise the functional significance of this decline or to decide whether 
it is less marked among survivors than among those who die in mid-recovery. 

Figure 5 summarizes observations on the colonic temperature, heart rate, 
ventilation rate, oxygen consumption and oxygen ventilatory equivalent during a 
typical cooling and the early phases of rewarming. 

Survival. In analyzing survival, it is convenient to establish four categories 
of performance as in table i. Insofar as sampled in these tests, sex and body weight 
did not condition performance. Acclimatization did not modify the average result 
since only rarely was the same animal used in more than one experiment. The 
average minimal temperatures are recorded in the table only to demonstrate that 
this factor did not determine the outcome, since these averages do not differ ap- 
preciably. 

Immediate deaths (class A in the table) are those which occurred during cooling 
or shortly thereafter (within i°C. of the minimum). As was intended, such fetalities 
were few. Even if the samples were larger, such data could not be interpreted in 
terms of a median lethal temperature, because the duration of exposure at any one 
temperature was not controlled and death cannot be associated with any particular 
colonic temperature when the latter is changing rapidly. Finally a hypothermic 
death can be detected only by the animal’s failure to revive in a specified post-ex- 
posure environment. There is no test of immediate applicability to prove that a 
hypothermic injury is irreversible. A possible exception is electrical asystole of the 
heart, which in these tests proved incompatible with recovery however abetted. 
On the other hand, Fairfield (13) reports spontaneous recovery of infant rats restored 
to air at 35° after electrical asystole for i hour or more. 

From these data one may conclude tentatively that at this rate of cooling no 
guinea pig’s colonic temperature can be reduced below 2i°C. with impunity and that 
a prompt death is almost certain when the temperature falls to i7°C. Without 
indicating the depth of their thermocouples, Weltz, Wendt and Ruppin (14) report 
that in guinea pigs colonic temperatures of i5°C. for 15 minutes, i8°C. for i hour, 
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or 25 to 3o°C. for about 10 hours are just compatible with survival. Such limits are 
lower than those suggested by the present data. When compared with results on 
rats (15) and on rabbits (16), the guinea pig appears to be especially susceptible to a 
hypothermic death. The mechanisms which led to these prompt fatalities remain 
obscure. Although no complete studies of ventilation and heart rate were done on 



TlWt IN MINUTES 

Fig. 5. Observations on a single guinea pig during cooling and early rewarming in room 
(27.5° C.). Jacketed animal in ice bath between times 0 and 93 (min.). 


Table i. Analysis of Survival 


CLASS 

MEAN minhwe colonic 
TEMP, (d: S. D.) 

NO. OF 
ANIMALS 

PEE CENT OF 
TOTAL 

A Immediate deaths 

°c. 

(18.7) 

5 1 

18 

B Death after partial recovery 

18.7 ± 0.8 

7 

25 

C Survivals 

19.4 ± 1.2 

14 

so 

D Atypical deaths 

ig.2 

2 

7 

Total 


28 

' 100 


these particular animals (class A) there is no reason to suspect that their responses 
to hypothermia were qualitatively different from those of the survivors. As pre- 
viously demonstrated a failure of e.xternal respiration is not the limiting factor since 
relative to the oxygen uptake, the ventilation rate remained high up to the stage of 
terminal apnea. The latter appeared at about the same time as a precipitous drop 
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in heart rate, but electrical systoles generally outlasted any detectable breathing by 
several minutes. On the other hand, terminal deterioration is so rapid, profound 
and generalized that a satisfactory explanation of a h)T)othermic death cah'hardly 
be expected from studies of the relative times at which respiratory and cardiovascular 
collapses appear. Crismon (i) believes that death in cooled rats is due to cardia- 
circulatory failure as evidenced by an extreme drop in heart rate and in arterial blood 
pressure. Such an interpretation offers a tentatively acceptable explanation of the 
immediate deaths in the present study. In accord with previous reports, pertinent 
findings on post-mortem examination were few. Not infrequently, there was 
engorgement of the great veins, of the right heart, and sometimes of the pulmonary 
vascular bed, but pulmonary edema, adrenal hemorrhage and adrenal enlargement 
were not apparent on gross inspection. 

The animals that showed a partial recovery and delayed death (class B in the 
table) are of particular interest. When restored to room air, their temperatures 
climbed slowly but steadily; their heart rates accelerated in a manner consistent at 
all times with their increasing colonic temperature; ventilation rates rose; spontaneous 
motor activity returned. Some of these animals made much faster progress in 
repaying their thermal debt than others, but, whatever their accomplishment, 
colonic temperatures tended to level off after 3 to 5 hours when shivering and strug- 
gling slackened. This left some animals with body temperatures only slightly 
below normal, while others were stranded at distinctly hypothermic levels. The 
latter were often unable to support their own weight or to take food, but this was 
not invariably true. 

All animals were returned to individual cages. The next morning some were 
dead. With only two exceptions the fatalities occurred among those animals which 
had not succeeded in regaining colonic temperature of 3o°C. within 4 hours after 
their immersion. By extrapolating the temperature curves of these animals who died 
within 10 to 15 hours of the immersion (class B), it becomes apparent that none of 
them succeeded in re-establishing a normal colonic temperature. Most of them 
ceased to warm while under observation and at colonic temperature ranging from 
27.5 to 3o.5°C. Among survivors (class C), either the body temperature continued 
to rise throughout the 4 to 5 hours of observation or it stabilized above 34°C. 

It is apparent that the damage sustained during severe chilling impairs a guinea 
pig’s ability to repay its thermal debt. In this respect, its performance is critically 
influenced by the environmental temperature during rewarming. Of 14 animals 
rewarming in still air at 25°C., 6 failed to restore a normal colonic temperature and 
eventually died; at 27.s°C. the environment overtaxed the restorative capacity of 
only one animal in 7. Can one predict at the end of the cooling which animals have 
received a fatal insult and will prove incapable of regenerating a normal body tem- 
perature? Within broad limits this damage cannot be estimated from the intensity 
of the exposure as measured by the minimal temperature reached during cooling 
(table 1). Electrocardiograms and studies of ventilation and of oxygen consumption 
during cooling do not pre-assess this damage. Indeed one animal, which eventually 
recovered completely and promptly, was apneic for 20 minutes shortly after cooling 
Even early in the rewarming operation, oxygen consumption and ventilation rate 
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dp not sufficiently distinguish between animals of class B and C to be of prognostic 
f alue. For predictive purposes, the vital signs studied here are inadequate. 

The delayed deaths (class B) cannot be explained any more satisfactorily than 
they can be predicted. Probably the cooling contributed only by so impairing 
thermoregulation that thereafter some animals could maintain body temperature 
only a few degrees above that of room air. Prolonged exposure to mild degrees of 
hypothermia (from 28 to 3i°C.) was the essential feature of these deaths. Weltz 
et al. (14) observed that with colonic temperatures held at 25 to $o°C. his guinea pigs 
died after about 10 hours. That a hypothermic injury may cause death after com- 



Fig. 6. Observations on a jacketed guinea pig removed from ice bath at zero time, held 
in a cool bath for over 3 hours, and then rewarined in a bath at 35° C. Between times 85 and 121, 
pure orrj’gen was inspired. 

plete spontaneous thermal recovery has been reported occasionally but was not 
demonstrated in the present stud3\ 

Delayed deaths after partial recovery (class B) did not occur during the period 
of experimental observation. Probably the same functional disturbances occurred 
in more accelerated fashion when an animal was placed in a cool post-immersion 
emdronment. A thermal equilibrium was then rapidly established, and the body 
temperature stabilized at a value which could not be tolerated long. As illustrated 
in figure 6, this was accomplished by allowing a jacketed animal to rewann in a water 
bath at ip.s'C. The colonic temperature promptly leveled off at about 2°C. higher. 
The heart rate remained constant for almost 3 hours when a downward trend began. 
The ventilation rate fell steadily but SI0WI3’' throughout; on other occasions, it too 




R. E. GOSSELIN 


Volume 157 


114 

stabilized for over 2 hours before the inevitable decline. During such an isothermal 
period, alterations in heart rate were invariably preceded by a severe and sustained 
depression of respiration. As long as the body temperature was held constant, any 
downward trend in heart rate was found to signal an impending death, and this sign 
was thought to be more reliable prognostically than the absolute values of heart 
rate, ventilation rate, or oxygen consumption. It is obviously difficult to ascribe 
such a death to a primary cardiovascular collapse, however tenable this interpretation 
of the prompt fatalities in severe hypothermia (class A). As illustrated in figure 6, 
relative to the fall in ox5’^gen consumption the diminution in ventilation rate was not 
critical. Indeed if these delayed deaths are due to cumulative anoxic damage, the 
primary defect does not appear to be in alveolar ventilation or in the transport of 
blood. Such experiments make it doubtful that any one factor is uniquely critical 
in all hypothermic situations. 

In any case the type of deterioration illustrated in figure 6 is relatively slow 
and probably susceptible to appropriate supportive measures. Of the many measures 
suggested (2, 9, 10), only two were tested. The inhalation of pure oxygen did not 
modify the vital signs at any time and did not forestall their decline. The only 
measure of apparent benefit was vigorous artificial rewarming. In the experiment of 
figure 6, this was accomplished by immersing the jacketed guinea pig in a water 
bath held at 35°C. The restoration of temperature and of vital signs was prompt. 
Although the oxygen consumptions rose considerably faster than the ventilation rate, 
the latter was not obviously inadequate. However the ventilation rate, oxygen 
uptake and oxygen ventilatory equivalent at the end of the test were all appreciably 
lower than in animals which recovered spontaneously. It is worthy of emphasis 
that by all previous experience this animal was doomed by his protracted exposure 
and that in room air he would have survived no more than a few hours. But the 
low ventilatory and metabolic response seen here suggest a danger possibly inherent 
in rapid artificial rewarming. 


SUMMARY 

Observations were made on 30 unanesthetized mature guinea pigs during and 
after severe reductions of body temperature produced by immersing the jacketed 
animals in ice water. Measurements included colonic temperature, electrocardio- 
grams, ventilation rate (minute respiratory volume), oxygen consumption, and 
carbon dioxide production. Regardless of the rate of cooling or rewarming, heart 
rates varied linearly with colonic temperatures between 23 and 3S°C., falling i 7 *S 
beats per minute for each decrement of one Centigrade degree. Belovr 23°C. the 
drop was erratic and often precipitous. Sinus and nodal arrhythmias, premature 
beats of auricular and ventricular origins, auriculoventricular blocks, and reversible 
ventricular fibrillation were all noted. 

The early phases of cooling were characterized by increased struggling, hyperp- 
nea, enhanced metabolism, and cardiac slowing. When cooling at 0.2 to 0.3 
degrees per minute, maximal ventilation occurred at 3S°C. (33° to 37°) and averaged 
1 70 per cent of the pre-cooling rate. At this point maximal rates of oxygen consump- 
tion also amounted to 170 per cent of the pre-cooling level or 250 per cent of the 
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estimated basal. Below 33°C., ventilation and oxygen consumption diminished 
progressively with temperature, dropping below pre-cooling rates between 26 and 
29°C. and approaching zero slightly below 2o°C. Relative to the oxygen uptake, 
however, the ventilation rate (expressed as the oxygen ventilatory equivalent) 
remained high to the stage of terminal apnea. Therefore, the progressive fall in 
oxygen consumption cannot be ascribed to failure of external respiration. 

Some animals survived briefly at others succumbing at as high as 2i°C. 

This large variation in lethal temperature is unexplained. The mechanisms of a 
hypothermic death remain obscure, but these data suggest that in severe chilling 
critical circulatory inadequacy often precedes respiratory failure. 

Guinea pigs which did not die promptly in deep hypothermia were allowed to 
rewarm in room air. During rewarming ventilatory and metabolic rates varied 
widely among the tests, and the temperature of some animals rose much more 
slowly than that of others. It is postulated that damage sustained during severe 
chilling impairs the capacity to repay a thermal debt. It was not possible to predict 
final rates of recovery from vital signs during cooling or even during the early phases 
of rewarming. Beyond 4 to 6 hours after the immersion, relatively little progress 
was made in raising the body temperature, lea\ung some animals stranded at dis- 
tinctly hypothermic levels (about 3o°C.). The latter died within 10 to 15 hours of 
the immersion. Slight departures of the heart rate from predictions based on the 
colom’c temperature appeared to signal such impending deaths. "Whatever the 
derangements responsible for these delayed fatalities, it seems probable that they 
represent controls different from those operating at the lethal temperature during 
cooling. 
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ANALGESIA AND ANESTHESIA INDUCED BY EPINEPHRINE 

A. LEIMDORFER and W. R. T. METZNER 

From the Department of Psychiatry, Illinois Neuropsychiatric Institute, University of Illinois 
and the Departments of Pharmacology and Physiology, Loyola University 

CHICAGO, ILLINOIS 

E arlier investigations (i) have shown that the intracisternal (i.c.) injection 
of epinephrine (epn) in large doses induces analgesia, drowsiness and some- 
times sleep. These observations are in accord with the findings of Ivy (2) 
and co-workers, namely, that epn injected into the carotid arteries of dogs produces 
analgesia. On the basis of these observations, experiments were performed to 
evaluate the intrathecal injection of epn for surgical anesthesia. 

METHODS 

Twenty-six experiments w’ere made on dogs. In the first 2 experiments, epn solution (Win- 
throp) was employed, but in the remainder, epn-base-powder (Parke-Davis) was used to eliminate 
the preservarives, sodium bisulfite and chloro-butanol, which perhaps might contribute to the anes- 
thesia. The epn-powder was dissolved in i or 2 cc. sterile, distilled water and slightly acidified with 
diluted HCl. Two or three cc. of cerebrospinal fluid (CSF) were removed and discarded. The epn- 
solution, placed in a syringe, was diluted by directly and repeatedly withdrawn CSF (barbotage). 
Due to the alkalinity of the CSF, the pa of this mixture, as seen in repeated tests, was approximately 
7.4. The diluted epn-solution was then injected i.c. The volume injected was always adjusted to 
approximate the volume of CSF originally withdrawn. At the end of the injection, a small amount 
of CSF was again drawn into the syringe to demonstrate that the entire injection was intracistemally. 
When the CSF was blood-tinged no experiment was performed. 

In 6 experiments, epn alone (§, or i mg/kg.) was injected i.c. without any preliminary sedatives. 
In another group of experiments, small ammmts of nembutal (20 mg/kg.) were injected intraperi- 
toneally (i.p.) as basal anesthesia (b.a.). This was done in order to decrease the amount of epn 
necessary to produce anesthesia and to make the i.c. injection a less difificult procedure. Several 
hours after the nembutal injection, when the dogs were aw'ake, epn (i mg/kg.) was injected i.c. 

In 3 other experiments, ephedrine sulfate (in the amount of 5 mg. or 15 mg/kg.) was given i.c. 
with preliminary b.a. In a few experiments, NaCl- solutions (0.9% and 15%) were injected i.c., also 
with previous b.a. and in one experiment procaine-HCl (in the amount of 6 mg/kg.) ad- 
ministered i.c. without preliminary sedation. 

In most of these experiments, the blood pressure (by way of a rannnln. from the femoral artery), 
the respiration (by means of a pneumograph) and the electrocardiogram (ECG, by a directly writing 
apparatus, Sanborn,) were recorded. In a few experiments, electroencephalographic records (EEG, 
by means of a Grass-amplifier and inkwriter) were taken. 

In another group of experiments (including ii guinea pigs and i dog), epn in different concentra- 
tions was injected intracutaneously (into the outer side of the right hind leg): i cc. of 1:30000 (9 
guinea pigs and one dog); i cc. of 1:40000 (2 guinea pigs). 

For control, i cc. of physiological NaCl was injected intracutaneously into the corresponding 
area of the opposite hind leg. 


RESULTS 


Action of i.c. epn. When epn alone (| or i mg/kg.) had been injected the dogs 
became quiet within 10 to 15 minutes (following a brief period of excitement) and 30 
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minutes after injection they were asleep. Sleep occurred earlier when the head of the 
dog was maintained in a lower position than its body. The sleep lasted for i to 2 
hours. The respirations were deep and regular all this time. About ^ hour after the 
onset of sleep, pinching, cutting or suturing the skin elicited no signs of pain from the 
dogs (i.e. restless movements of the legs, growling or whining). To perform a 
laparotomy an additional amount of epn {h mg/kg.) had to be injected i.c. about j 
hour after the previous injection. Following this, a complete laparotomy did not 
result in any evidence of pain. Specifically, the abdominal muscles could be cut, the 



Fig. I. Dog 11 kg. Upper 
tracing: blood pressure; lower trac- 
ing: respiration. (A) before in- 
jection; (jB) after i.c. injection of 
5 mg. epinephrine (powder). (C) 
Dog is kg,; upper tracing: blood 
pressure, lower tracing: respiration 
during a laparotomy after i.c injec- 
tion of 1 5 mg. epinephrine (powder) . 




peritoneum incised and traction could be exerted on the peritoneum and mesentery. 
The degree of relaxation of the abdominal muscles was complete. 

Usually 4 hours after the nembutal injection, in the second group of the epn ex- 
periments, the animals were fully awake so that they struggled to free themselves 
from the animal board and gave distinct signs of pain on pinching the skin. Epn 
(2 ttig/kg.) was then injected i.c. After a short period of excitation, the dogs fell 
asleep within 10 minutes and remained in sleep for 3 to 4 hours- Again the onset of 
sleep was hastened by lowering the dog’s head. Approximately, 30 minutes after the 
injection, complete surgical anesthesia occurred. In 7 such experiments, laparotomies 
were performed without any evidence of pain on the part of the dog. 
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The blood pressure, observed during the entire experiment, even during a 
laparotomy, remained at the normal level (fig. lyl, B, C). The ECG also remained 
without any change (fig. 2A,B). In contrast, the ECG of the same dog showed many 
ventricular extrasystoles after intravenous injection of i mg epn (fig. 2C, D) and the 
typical increase in blood pressure occurred. 

Electroencephalographic studies revealed no significant change after i.c. epn in 
the doses which produced anesthesia. Only after the administration of extremely 
large doses (25 to 3 mg/kg.) were the EEG-waves greatly depressed in voltage. Later 
the electrical activity of the brain ceased. At the same time, the ECG showed 
ventricular fibrillation and the dog died. The injection of these tremendous amounts 
of epn involved changes which could be attributed to the effects of hypertonicity, as 





::3A ■■■.■ 


" ■3B ■ 



Fig. 2. Dog 14. kg, ECG: 
(. 4 ) before injection; (B) after i.c, 
injection of 8 mg. epinephrine 
(powder). Same dog ECG: (C). 
before injection; (D) after i.v. in- 
jection of 1 mg. epinephrine 
(powder). 

Fig. 3. Dog 10 kg. (ri) 
ECG before injection; (B) ECG 
after i.c. injection of ephedrine 
sulfate IS mg Ag* (note high anoric 
T-waves); (Q ECG 10 minutes 
after i.c. injection of ephedrine 
sulfate IS mg/kg. (note ventricular 
fibrillation). 


will be explained later. After i.c. epn, the respiration was not depressed; on the 
contrary it was usually stimulated, mainly by increase in amplitude (fig. iA,B). 

It should be mentioned that sometimes, especially in the experiments without 
nembutal, a transitory rigidity of the forelegs and of the neck appeared shortly after 
the i.c. injection of epn. This stiffness disappeared completely on the following day. 

All the dogs in the above-mentioned groups except two (into which excessively 
large doses of epn (22-3 mg/kg.) had been injected purposely) were in good condition 
the day following the i.c. injection, even though a laparotomy had been performed. 
They remained so during the time of observation (2-4 months). No after-effects 
were seen during this time, even though, in some cases, 3 or 4 i.c. injections of epn, 
at various intervals, had been made into the same dogs. 

Action of i.c. Injection of Ephedrine Sulfate. Following i.c. ephedrine (5 mg/kg-) 
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no analgesia and no tendency to sleep could be detected (in 2 experiments). The 
blood pressure rose from 130 to 200 mm. Hg and remained at this high level for the 
time of observation (i^ hours). The ECG showed many ventricular extrasystoles 
and later high anoxic T-waves. After about 40 minutes normal ECG-waves re- 
appeared. In one experiment, after i.c. ephedrine 15 mg/kg., likewise no evidence of 
analgesia or sleep could be observed. The blood pressure rose from 130 to 210 mm. 
Hg and 20 minutes later fell suddenly to zero (fig. 3). The ECG revealed severe 
changes, many ventricular extrasystoles, high anoxic T-waves and finally ventricular 
fibrillation with resulting death of the dog (fig. 3.4, B, C). 

Action of i.c. Procaine-HCl. In one experiment, following procaine HCl (6 
mg/kg.) pronounced dyspnea and severe cyanosis appeared almost immediately. 
No anesthesia to pricking or pinching was found. No sleep occurred. A transient 
paresis of the hindlegs lasting one hour was observed (the dog had been placed in 
Fowler’s position). Within hours the dyspnea and cyanosis disappeared. 

Action of the Inlracutaneons Injection of Epn. All the guinea pigs and the one 
dog showed analgesia to pricking, pinching and cutting 10 to 15 minutes following 
the intracutaneous injections of 1:30,000-1:40,000 epn. This analgesia lasted 
from 24 to 48 hours. No necrosis was seen at the site of the injection. The sites of 
saline-injection revealed no analgesia or only temporary hypalgesia for a few minutes, 

DISCUSSION 

The fact that general anesthesia and sleep can be induced by i.c. epn indicates 
that this substance exerts an effect on some center or centers in the brain (perhaps 
hypothalamus or brain stem). The question may arise whether the observed phe- 
nomena might be attributed to vasoconstriction following i.c. epn administration. 
Such an assumption does not hold. Fog (3) Forbes (4) and co-workers have shown 
that the direct application of epn to the pia mater produces no constriction of the 
arterioles and only slight short-lasting constriction of the large arteries. In our 
experiments, however, sleep and analgesia lasting several hours were produced. 

There is other evidence of the effect of epn on the central nervous system without 
concomitant vasomotor action. In our previous experiments (i) it was demonstrated 
that epn injected intrathecally causes a rapid, high sustained rise in blood sugar with- 
out changes in the blood pressure and the ECG. The analgesic effect of intracarotid 
injection of epn in dogs, shown by Ivy (2) and co-workers, suggests a direct action of 
epn upon pain perceiving centers. Further, the recently reported thermogenetic 
effect of epn on the brain (Pick and Feitelberg) (5) reveals a central action of epn 
without accompanying blood pressure effect. 

From our present experiments, we conclude that epn has central analgesic and 
anesthetic properties. Moreover, the long-lasting local anesthesia after intra- 
cutaneous administration of epn suggests that epn has a direct effect on peripheral 
nerves independent of vasomotor action and is probably capable of blocking nerve 
conduction. 

In this connection it might be mentioned that recently reported experiments seem 
to demonstrate that there exists a relationship between morphine-analgesia and epn. 
The analgesic response to morphine of rats (6) and dogs (7) was markedly reduced 
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after removal of the adrenal medulla. Other earlier experiments have shown that 
morphine causes the release of epn from the adrenal medulla (8). 

AAuth regard to the question, whether the i.c. injection of the above-mentioned 
large doses involves some danger to the cardiovascular system, there might be said 
the following. It was demonstrated in earlier experiments that epn injected intra- 
thecally does not raise the blood pressure (i/io/ii). The same w'as seen in these 
experiments during which much larger doses were employed. 

In order to avoid a rise in blood pressure, it is necessary to take three precautions: 
1) Epn must never be injected i.c. when the withdra\\'n cerebrospinal fluid is bloody 
or blood-tinged; otherwise epn can enter the general circulation. 2) I.c. injection of 
epn should be made only after removal of a volume of CSF equal to the volume of 
fluid to be injected. 3) A hj’pertonic solution of epn should never be injected. This 
can be avoided by dilution of the epn-solution in the syringe through repeated mixing 


If A ^5 
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Fig. 4. Dog ii kg. Nembutal anesthesia. Upper tracing: blood pressure; lower iractng- 
respiration. (A) after i.c. injection of 2 cc 0.9% saline pn 7.4; (5) after i.c. injection of 2 cc NaCl 

15%. 


with CSF (barbotage). Further, a large amount of epn should not be injected i.c. 
at one time, but in small fractions at proper intervals. When these precautions are 
taken the ECG does not change either. In this connection, it should be pointed out 
that a hj'pertonic NaCI-solution itself, injected i.c. can provoke a pronounced rise in 
blood pressure and severe changes in tlie ECG (fig. 4). 

Of great importance is the fact that the respiration is not depressed after i.c. 
epn, but on the contrary is stimulated (probably by direct stimulation of the respira- 
tor>’^ center). Cr>'stalline epinephrine base seems to be more effective tlian other 
epinephrine preparations. 

Another sympathomimetic drug, ephedrine sulfate, i.c. does not produce anal- 
gesia nor sleep in the dog. Nor has procaine-HCl an analgesic effect after i.c. injec- 
tion in contrast to its well-known action after lumbar injection. There exists a 
tendenc}’’ among anesthesiologists to use epn (ii, 12) or ephedrine (13, 14) ^ 
adjunct in procaine spinal anesthesia. Our experiments suggest that epn might aid 
in this analgesia not by ischemia, but sjmergistically as an analgesic. Caution 
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should be exercised in the intrathecal injection of ephedrine as an adjunct in spinal 
anesthesia. 


SUMMARY 

Intracisternal injection of epinephrine alone (|-i mg/kg.) produces surgical 
anesthesia in dogs. An additional amount of epn mg/kg.) is necessary to accom- 
plish complete surgical anesthesia for laparotomy. When small amounts of nembutal 
are injected intraperitoneally several hours prior to i.c. epn, a smaller amount of epn 
(I mg/kg.) is adequate for complete surgical anesthesia. The blood pressure, ECG 
and the EEG remain normal after i.c. epn in- the mentioned doses. The respiration is 
not depressed but stimulated (mainly in amplitude). No after effects are observed. 
Excessively great doses of i.c. epn (about 2I-3 mg/kg.) are toxic. The possibility of 
extending these investigations for use in operation on man is discussed. 

The i.c. injection of ephedrine sulfate or procaine-HCl does not produce anal- 
gesia or sleep in the dog. 

The authors thank Mr. G. Warner for his technical assistance. 
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MEASUREMENT OF EXPERBIENTALLY INDUCED 
BRAIN SWELLING AND SHRINKAGE^ 


K. A. C. ELLIOTT and HERBERT JASPER 

From the Department of Neurology and Neurosurgery, McGill University, and the 

Montreal Neurological Institute 

MONTREAL, QUEBEC, CANADA 

I N STUDIES of the Diechanisms of cerebral edema and swelling a simple method 
for estimating the extent of changes in brain volume in experimental animals 
is needed. In the present paper is it shown that determinations of dry weight 
provide a simple method for estimating variations in brain tissue volume, and some 
observations on swelling and shrinkage are described. 

MEASUREMENT OF CHANGE IN BR.AIN VOLUME 

White el c/. (i, 2) have measured changes in brain volume in cats by careful de- 
terminations of the volume of the brain and of the cranial cavity. The normal differ- 
ence between these two volumes is about 10 per cent and variation from this figure 
represents swelling or shrinkage of the brain. This method is difficult, and could 
hardly be applied after craniotomy. Assuming that changes in brain volume are 
due to changes in water content, and that the percentage of dry matter in the brains 
of normal animals is constant, then a difference from normal in the percentage dry 
weight of the brain of an experimental animal must be a measure of a change in 
volume. The swelling or shrinkage may be simply calculated without any need to 
determine the actual volume of the brain. 

If W and D are respectively the fresh and dry w’eight of the brain of a normal 

animal and P is the percentage dry weight, then W = D X If, as a result of 

treatment, the weight and percentage dry weight change to Wj and Pi, then Wi = 

D X Whence Wi = ~ W. The swelling or percentage change in weight (or 

Pi 

volume, since the tissue density is about unity) is given by swelling percentage = 
■W _ 'W p _ p 

— — — X 100 = — - - X 100.- It should be noted that presentation of results 

\V Jti 
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of the National Research Council of Canada. 

*,If the swelling or shrinkage is caused by the absorption or loss of fluid which itself contains 
some solid matter, then a larger change in volume would correspond to a given change in percentage 
dry weight. If p is the percentage dry weight in the fluid absorbed or lost, it can be showi that 

p p p 

Wi = ^ \V and percent swelling = ‘ X 100. 

Pi — p Pi - p 
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in terms of percentage moisture, as is commonly done, rather than dry weight, tends 
to give a misleading impression. If the normal moisture content is 80 per cent, a 

20 

change to 81 per cent indicates a 5 per cent increase in weight since Wi = — W = 
105W. 

DETERMINATION OF DRY WEIGHT 


A 



58 


Rabbits w^ere anesthetized with Nembutal and decapitated. The roof of the 
skull was removed and the cerebrum was removed from the skull by cutting through 
the mid-brain along the bony edges of the inci- 
sura of the tentorium. This method was adhered 
to carefully so that the parts of the brain treated, 
particularly with respect to the relative propor- 
tions of grey and white matter, were always the 
same. The cerebrum was halved midsagitally 
and the determination was carried out on one 
half, or on both halves separately as duplicates. 

All free fluid was carefully wiped out of the ven- 
tricles with filter paper. The whole hemisphere 
was then pushed into a tared weighing bottle with 
a helmet-type cover and containing a short sealed 
glass tube with a mace-like head (figure i). This 
process was done rapidly, or in a humid chamber, 
since loss of moisture by evaporation could be 
appreciable. After determining the fresh weight 
of the hemisphere, 2 ml. of acetone were run into 
the bottle and the tissue was carefully reduced to 
a suspension by mashing with the ‘mace'. The 
acetone was then evaporated away by directing a 
current of filtered air into the bottle. When the 
tissue could be spread as a paste around the sides 
of the bottle, it was placed in an oven at about 
108° for 24 hours or more, cooled in a desiccator 
and weighed. Some care was necessary to insure that foaming of residual acetone 
did not cause loss of material when the temperature was first raised. After 24 
hours, further loss in weight was negligible. Without the acetone treatment, com- 
plete drying took much longer. There was never any increase in weight, as has been 
reported for some fatty tissues on prolonged heating, following this method of ace- 
tone treatment. 

The agreement between values obtained for the percentage dry weight of left 
and right hemispheres from the same animal was good. In 25 such pairs of determina- 
tions the widest difference was 0.3 ; usually the difference was much less. However, 
rather wide variations between individual animals were found (table i), which could 
not be correlated with depth or period of anesthesia, weight, or method of killing 
(bleeding, decapitation, or constriction of the neck). 


Fig. I. Weighing Borrus with 
MACE for determining the dry weight of 
brain. Larger bottles could be used for 
brains of larger aiumals. 
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The average value for normal animals was 21,16 per cent® with a standard de- 
viation of the distribution equal to 0.5. In view of the range of variability of the 
normal animals, values for brains of individual experimental animals between 20.2 
and 22.1 per cent cannot be regarded as significantly different from normal. That is 
to say, a change of less than 4 per cent in brain volume, calculated on the basis of the 
average normal percentage drj^ weight, cannot be reliably ascribed to the treatment 
of the animal. 

While this work was in progress a paper by Windle et al. (3) appeared in which a 
similar method for determining brain dry weight was described. This method ap- 
pears to be extremely accurate but somewhat more cumbersome than the present 
method. The tables of Windle et al. show that the drj’' weight content of normal 
guinea pig brains varied between 20.5 and 21.7 per cent, a range of variability ap- 
proaching that found by us for rabbits. Windle et al. foimd a statistically significant 
increase of 0.5 per cent in the mean moisture content of brains from concussed ani- 
mals and an increase of 0.7 per cent with animals which had been water-logged by 
stomach tube. It was concluded that edema following concussion is significant but 
slight. Calculation shows that an 0.5 per cent increase indicates about 2.5 per cent 
swelling which is appreciable if the available space is only 10 per cent. In earlier 
work Pilcher (4, 5) attempted to detect changes of brain water in traumatized dog 
brains, by determinations of dry weight in various parts of the brain. His tables also 
show great variability; values were reported for the dry weight content of cerebral 
grey matter between 20.1 and 21.7 per cent in 5 normal animals and between 18.7 
and 22.5 per cent in unexposed sides of unilaterally exposed brains. Average 
figures indicated only slight, though definite, increases in moisture content following 
trauma with the skuU intact and none ivith the skull exposed. 

The variability of the percentage dry weight of normal brain seriously limits the 
precision of determinations of swelling or shrinkage by the dry weight method. 
Donaldson (6, 7) in extensive studies on rats, has shown that the moisture content of 
the brain is affected in a regular manner by the age and size of the animal and by Ae 
size of its brain. Even with animals from the same age group there is rather wide 
variability (s.d. 0.2 to 0.5) but this variability is considerably less among litter mates 
(s.d. 0,13). 


EXPERMENTALLV INDUCED CHANGES IN BRAIN VOLUME 

Weed el al. (8-12) showed that coniderable changes in brain bulk and spio^^^ 
fluid pressure could be produced in cats by intravenous injections of hypo- and hyper* 
tonic fluids. Similar procedures have been used here. Portions of the skulls of 
rabbits, anesthetized with Nembutal, were removed and the dura reflected to expose 
the brain. Either o.i per cent glucose solution (hjqiotonic fluid) or 25 per cent glu- 
cose (hypertonic fluid) was infused into the femoral vein, at a rate of about 2 ml. 
minute, usually for 60 to 75 minutes. Sometimes the fluid was infused into tfie 

® It should be noted that the value, 21.16 per cent, for the average dry weight content bus no 
absolute significance since it represents only a particular mixture of grey and white matter froffl ^ 
variety of brain regions. It is of value only for comparison with simDar brain samples from di 
ent animals. 
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internal carotid artery but the results were about the same. The percentage dry 
weight of the brains of animals thus treated and the change in brain volume calcu- 
lated therefrom are shown in table 2. 

Hypotonic infusion caused definite swelling of the brain tissue. Volume changes 
were found between 6 and 15.5 per cent, calculated on the basis of average normal dry 
weight. Hypertonic infusion caused very marked shrinkage, up to 31 per cent in the 
case of one animal infused for 3 hours. The shrinkage of the brain relative to the 
cranium was verj’’ obvious in all cases of h3^ertonic infusion and noticeable within 
20 minutes of starting the infusion. Chemical determinations on the brain of one 
of these animals showed that excess of glucose or lactate in the brain could not ac- 
count for an appreciable fraction of the increased percentage dry weight. 


Table i. Variation in dry weight content of normal rabbit brains 


% dry weight 

20. 1 

20.3-20.5 

20.6-20.8 

20.9-21.1 

1 

21. 2-21. 4j 

1 

21.5-21.71 

21.8-22.1 

22.3 

No. of animals 

I 


4 

7 



2 

I 


Table 2. Effects of intravenous infusion of hypo- and hypertonic fluids on percentage 

DRY WEIGHT OF BRAIN 


HYPOTONIC INTUSION 

HYPERTONIC INTUSIOM 

HYPOTONIC INFUSION 

HYPERTONIC INFUSION 

Per cent 
dry weight 

Per cent* 
swelling 

Per cent 
dry weight 

Per cent* 
swelling 

Per cent 
dry weight 

Per cent 
swelling 

Per cent 
dry weight 

Per cent 
swelling 

Brain exposed 

Shill intact 

19.1 

-f II 

23.6 

-10 . 5 

19.85 

4-6.5 

21.85 

-3 

20.0 

4-6 

24.7 

- 14-5 

21.05 

4-0.5 

22.4 

-5.5 

iS.s 

+ 14 -S 

26.7 

— 21 

2I-S 

-1.5 

23.4 

- 9-5 

18.3 

+ 15-5 

24.6 

-14 

20.3s 

4-4 

23.4 

- 9-5 

19.7 

+ 7-5 

30.8= 

-31 

I 9 -S 

4-8.5 



I 9 -S 

4 - 8.5 



21.35 

— I 



19*2 

4-10 








’ Calculated on the basis of 21.16% dry weight for normal brain. Values less than ±4 are 
probably witlun the normal range. 

* Infused 3 hours, till death of animal. 


The marked changes in brain volume described above, all occurred with the 
brain exposed. When infusions, hypo- or hypertonic, were carried out with the 
skull intact the effects on the brain volume were less marked (table 2). Evidently 
mechanical-hydrostatic effects in the closed system counteract osmotic effects. 
Reid (13) observed less marked histologic effects with cats following water infusion 
with the skulls intact. Weed and McKibben (12), however, found histological 
changes follovung hypo- and hypertonic injections only when the skull was intact. 

It may be mentioned that the amount of 25 per cent glucose solution adminis- 
tered during 60 to 75 minutes would correspond to 2.5 to 4.0 liters to a 70-kg. man. 
Yet not one of the animals so treated, with the brain exposed or the skull intact, 
showed any obvious signs of distress. Diuresis was prolific, but there was no hemo- 
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concentration; usually there was slight hemodilution as judged by hematocrit and 
hemoglobin determinations before and after infusion. Only the animal treated for 
3 hours died. With hypotonic infusion there was no diuresis and several of the 
animals died. 

Histological observations were made by Dr. Karl Stern. After hypotonic in- 
fusion there was swelling of many cortical nerve cells and enlargement of intercellular 
and perivascular spaces. The nerve cell change was most characteristic in silver 
stain (Bielchowsky). There was an unstained halo around the slightly enlarged 
nucleus and the argentophile substance was ‘squeezed’ in fragments to the pheriphery 
of the cell. Reid (13) found less effect on nerve cells, but constant marked swelling 
of oligodendroglia and no significant change in other cellular elements. The picture 
in areas of edema surrounding a brain tumor in man was quite different from that 
seen in his animals after experimental edema. The brains which had been dehy- 
drated and shrunken by h)q)ertonic infusion in our experiments showed, in silver 
stain, a peculiar nerve cell picture not unlike the one encountered in the early stages 
of ‘senile’ changes in man. The intracellular fiber strands were markedly argento- 
phile and showed clumping and coarseness. The intercellular and perivascular 
spaces showed a normal picture. Details of these observations on shrunken brains 
are discussed in another publication (14). 

These experiments and histological observations indicate that the dry-weight 
method does detect and roughly measure cerebral edema and dehydration. Edema 
from causes other than infusion of hypotonic fluid can apparently also be detected. 
In a series of 5 experiments no infusion was administered but, after unilaterally ex- 
posing the brain for periods up to two hours, muscle and scalp were sutured over the 
skull defect and the animals kept alive for two days. With 3 of these animals, dry- 
weight determinations indicated swelling of 3, 5,5 and 6.5 per cent. With two ani- 
mals, in which the exposure was very brief, no swelling was measurable. In no case 
was there measurable swelling of the unexposed hemisphere. 

In 9 experiments no fluid was infused into the venous system but the brain was 
exposed for about two hours during which it was either left dry or its surface was 
irrigated continuously with normal saline. Ringer’s, hyper- or hypotonic glucose 
solution or plain water. The animal was then decapitated and the brain dry weight 
determined. Results showed no correlation with the type of irrigation fluid used 
and all were within the normal range. But the average of the series, 21.6 (s.d. 0.6) 
corresponding to a 2 per cent shrinkage, was significantly different from the normal 
average and suggests a slight tendency to dehydration of the brain during exposure. 

Brains removed from animals which had been left with skull defects for two 
days, and from some of the animals infused with hypotonic fluid, showed elevated 
areas moulded to the outline of the skull defect. These are presumably regions of 
local edema probably developing as a result of interference with circulation by the 
pressure of the herniating brain against the skull defect. The excess of moisture in 
these small zones would be too small to affect measurements on the whole brain. 
Attempts to measure local edema by dry weight determinations on small local areas 
of the rabbit brain were defeated by too great variability in tissue samples from nor- 
mal brains. 
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Other methods for chemical evaluation of cerebral edema have been tested in a preliminary 
wa}'. These depended upon the possibility that the edematous process involved a change in the 
amount of brain water which is free to dissolve various substances present in the blood. For instance 
the chloride space of the brain is about 40 per cent of the total tissue volume instead of 80 per cent 
which would be expected if all the tissue water were free to dissolve chloride. If the extra fluid 
entering the tissue in edema contained the same concentration of chloride as the plasma, the chloride 
content of the brain should increase to a relatively greater extent than does the water content. It 
can be shovm that an increase of s per cent in the fluid content of the brain should under these cir- 
cumstances change the chloride space to 43 per cent, making a 7.5 per cent increase in chloride space. 
The thiocynate space is only about 15 per cent and a 5 per cent increase in brain volume made up 
entirely of water, free to dissolve thiocjmate, would increase the thiocynate space to 19.7 per cent, 
which is a relative increase of 31 per cent. With inulin, which normally enters the brain fluid only 
slightl}’, the relative increase in edema might be very high. All these possibilities have been tested 
by determinations of the substances in question in the plasma and in the brain, correcting the amount 
in the brain for the portion accounted for b3’- blood remaining in the brain. Sodium thiocynate was 
administered intravenouslj' or potassium thiocynate bj'' stomach tube at least 2 hours or 8 hours, 
respectively, before killing the animal; inulin was given intravenously about 35 minutes before 
sacrificing the animal. The chloride space of normal brains was found to be reasonably constant, 
values of 37,1 to 39.6 being obtained, the thiocynate space seemed to vary widely and no inuhn at 
aU appeared to enter the normal brain. All these methods involved accurate determinations of the 
materials in the blood and in the brain and of the blood content of the brain. The thiocynate and 
inulin methods involved interference with the animal, while the chloride method ofltered little in- 
crease in sensitivity.. These methods were therefore not pursued when the simple dry-weight 
method W'as found to be reasonably satisfactorj% But this tj^pe of experiment might give valuable 
information concerning the mechanism of the development of edema. 

BRAIN S^VELLING WITHOUT TRUE EDEMA 

A rapidly developing swelling of the brain, with tendency to herniation through 
the skull opening, is an occasional, but disconcerting, experience of anyone who has 
done extensive surgery of the brain in man or in experimental animals. Pilcher (4) 
observed marked bulging of the brain in one out of 6 dogs following exposure of the 
cortex without trauma, and in 4 out of 5 when trauma to the head preceded exposure. 
He was unable to show, however, that this was accompanied by a significant increase 
in water content of the brain in these animals. He concluded (5), “It seems probable 
that other factors, such as cerebrospinal fluid volume and intracranial blood volume 
are of greater importance than cerebral edema in producing the increased intracranial 
pressure which follows trauma to the head.” 

Prados el al. (15) in studies on the effects of exposure on cat brains, reported 
swelling usually observed about two hours after exposure. “The degree of swelling 
varied a great deal from one experiment to the other, and it depended on some factor 
the nature of w^hich we are not yet able to determine.” In our experiments on rab- 
bits, marked herniation of the brain occurred in 4 out of 18 cases after simple exposure 
of the cortex for an hour or more without obvious trauma. We were unable to de- 
termine the conditions which provoked this swelling, since it did not seem related to 
the type of irrigating fluid being used, nor did it depend upon whether the cortical 
surface was kept moist or allowed to dry. The herniation subsided upon severing 
the neck of the animal. Brain diy-w^eight determinations in two such cases where 
herniation had occurred indicated that no swelling of the tissue due to increased 
fluid content had occurred. 
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These observations serve to emphasize again the importance of a t)T)e of swell- 
ing which can occur independent of actual change in brain tissue volume. It pre- 
sumably results from blood vessel dilatation or dilatation of ventricles and cisterns. 
The mechanism is one of ‘inflation' rather than edema. It is commonly seen in very 
acute form when the animal struggles and cerebral vessels become engorged. It can 
be readily imitated by increasing the blood volume by rapid intravenous injections 
or by increasing the spinal fluid volume by intracisternal injections. It inay result 
from changes in blood volume or pressure or from increased spinal fluid volume pro- 
duced by increased rate of secretion, decreased rate of absorption, or displacement of 
fluid from the spinal canal into the ventricles. Such events may occur as a reaction 
to chemical products of trauma or as a result of nervous reflex reaction to certain 
cerebral stimuli. Obrador and Pi-Suner (16) have described sudden inflation of ex- 
posed dog brain on the production of lesions near the fourth ventricle. The mecha- 
nism should be susceptible to partial analysis by determinations of blood in the 
cranium following sudden constriction of the neck by the method of White el al. 
(2). Results of some preliminary trials did not indicate that excess blood could 
accoimt for swelling and herniation observed. 

The observations of inflation of the brain have all been made upon exposed 
brains. When the skull is intact, factors which tend to produce inflation may still 
operate and it seems probable that some cases of raised intracranial pressure may 
be due partly to these factors and not entirely to true tissue edema or space-occupying 
lesion. 

In the experiments described earlier, on infusion of hypotonic fluid into rabbits 
with exposed brains and on rabbits which had been kept for two days with a large 
skull defect, marked herniation of the brain occurred. This herniation usually 
subsided considerably on decapitation even though dry- weight determinations showed 
that there was an appreciable true increase in brain volume. In these animals, 
therefore, both true edema and inflation were induced. 

SUMMARY 

The approximate extent of swelling or shrinkage of brains of experimental animals 
can be readily calculated from the dry weight of the brain without knowledge of the 
actual brain volume. A simple method for determining the dry weight is described. 

The moisture content of normal rabbit brain varies considerably. Changes in 
moisture content w'ell beyond the range of normal variability were produced by in- 
travenous infusions of hypo- or hypertonic solutions. Such changes were more 
marked when the brain was e.xposed than when the skull was intact. The difference 
between true edema, or swelling due to excess water in the brain, and an apparent 
increase in volume due to hydrostatic effects is discussed. 
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PULMONARY LESIONS IN GUINEA PIGS WITH INCREASED 
INTRACRANIAL PRESSURE, AND THE EFFECT OF 
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E dema and congestion of the lungs are frequent^ encountered at necropsy 
in head injury’’ cases. Moutier (i) noted the frequent occurrence of fatal 
acute pulmonary edema within 24 hours after local cerebral trauma associated 
with battle injury. He attributed these deaths to pathological hyperactivity of the 
suprarenal glands. Antonini and Biancalani (2) reported lung edema in 41 per cent 
of 82 cases of head injury surviving from several minutes to several days. Astuni (3) 
presented a similar series of 197 autopsied cases in which 29 per cent displayed pul- 
monary edema. Weisman (4) collected data on the weights of the lungs in 686 cases 
of traumatic and spontaneous intracranial hemorrhage. In approximately two- 
thirds of the cases the combined weight of the lungs was greater than 900 gm., while 
in a control group only 2 per cent showed lungs of this size. The increased weight 
was due chiefly to edema and congestion, and partly to pneumonia. Pulmonary 
edema and congestion developed in most cases of fatal intracranial hemorrhage 
within 30 minutes to one hour after the injury. 


Several investigators have studied experimental pulmonarj’ edema follo'wing nervous system 
damage. In 1874, Nothnagel (5) reported the death of a rabbit from pulmonary congestion after 
probing the brain at unspecified points. Benassi (6) introduced fluid into the cranium through a 
trephine opening in order to obtain hypertensive coma in rabbits and dogs. In some (numbers not 
stated) cases, rales were heard on auscultation of the lungs, but frothy fluid was not observed in the 
respirator}' tree. Post-mortem examination of the lungs revealed subpleural ecch}'moses, emphy- 
sema, intense vascular congestion, and sometimes partial edema. 

Farber (7, 8) produced fatal lung edema in guinea pigs with bilateral cervical vagotomy and 
attributed this edema to disturbances of the vasomotor control of the pulmonaiy vessels. He main- 
tained the animals on artificial positive pressure respiration following tracheal cannulation, (in- 
sufllation pressure not stated). Various investigators (9, 10) have presented contradictory evidence, 
and recently Sussman ct at. (ii) stated, “There is no evidence that vagotomy exerts an influence on 
the pulmonary vascular system favoring edema or hemorrhage.” 

Sussman found massive lung edema within six hours in either intact or vagotomized guinea 
pigs maintained on artificial respiration at 20 mm. Hg insufflation pressure in contrast to the absence 
of lung edema in such animals with an insufflation pressure of 6 mm. Hg. Luisada and Samoff (12) 
employed massive, rapid venous infusion in dogs simultaneously with vagal stimulation and con- 
cluded “electrical stimulation of either the cardiac end of the cut vagi or the intact nerve favors 
pulmonary edema by causing extreme brad}'cardia.” Recently, Surtshin, Katz, and Rodbard (13) 
have questioned whether in previous attempts to produce pulmonary edema by elevated intracranial 
pressure the efTects were due to genuine edema or were artefacts resulting from the aspiration of 
saliva. 
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METHODS 

Guinea pigs were used in this study of lung edema and congestion following 
increased intracranial pressure. The anesthetic agent employed was sodium pento- 
barbital, 10 to 20 mg. intraperitoneally. A drill opening i| mm. in diameter was 
made in the mid-calvarium and a balloon-tipped plastic tube was carefully inserted 
into this opening. Wire hooks two millimeters proximal to the latex balloon were 
attached to rubber bands; the latter were anchored in an infero-lateral manner in 
order to immobilize the balloon. One and one-half cubic centimeters of air were 
introduced within 15 seconds through the plastic tube into the balloon. The ele- 
vated intracranial tension was maintained until the guinea pigs were guillotined 5 
minutes later. A control series of anesthetized guinea pigs were guillotined, and 
both the experimental and control animals were held with the severed neck dependent 
until bleeding had ceased. 

The body weight, the weight of the heart ventricles, and the total weight of the 
lungs minus trachea were recorded for each guinea pig. Lung weigh t/ventricle 
weight ratios and lung weight/body weight ratios were used as supplementary aids 
to gross examination of the lungs for a better quantitative analysis of pulmonary 
pathology. 


RESULTS 

The data from 24 guinea pigs, which were subjected to increased intracranial 
pressure for 5 minutes prior to guillotining, and 26 control animals are listed in tables 
I and 2 respectively. The experimental group in table i displays a lung weight/ven- 
tricle weight ratio varying from 2.13 to 5.69 with an arithmetic mean of 3.61, A 
range from 1.74 to 3.28 may be noted in the lung weight/ ventricle weight ratios in 
table 2 of the control guinea pigs with an arithmetic mean of 2.41. Twelve of the 
24 guinea pigs subjected to elevated intracranial tension and none of the 26 control 
animals revealed a lung weight/ ventricle weight ratio greater than 3 ,40. Employing 
the 4-fold table, these differences between the control and experimental animals 
have a probability of less than .05 per cent of occurring due to chance, indicating a 
statistically significant difference between these two groups with reference to lung 
weight/ventricle weight ratios. 

Tables i and 2 also contain the data regarding lung weight/body weight ratios. 
The differences observed between the control and experimental groups are statistically 
significant, for the chance of probability alone giving such results is again less than 
,05 per cent. 

Approximately one half of the guinea pigs subjected to increased intracranial 
pressure were found to have lung weight/ventricle weight and lung weight/body 
weight ratios higher than the largest value in the control group. This same 50 per 
cent of experimental animals displayed pulmonary edema, congestion, and hemor- 
rhage on gross examination of the lungs at necropsy. Figure i presents a photograph 
of the lungs of a typical animal from the elevated intracranial pressure and the control 
groups respectively. Asterisks in the tables identify the lungs illustrated. 

The effect of bilateral cervical vagotomy was subsequently studied. The guinea 
pigs were guillotined 5 minutes after injection of cc. of air into the intracranial 
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Table i. Guinea pigs subjected to increased intracranial pressure 


WT. or CtHNEA PIG 

lukg/\xn* 

TRIOXS 

ltjng/body 
X KT* 

WT. OF CUIN'EA no 

XUNG/VES’- 

TRICIXS 

luno/body X 10"< 




gm. 




376 

5-32 

136 

340 

4.63 

135 


308 

5-69 

189 

400 

2.27 

79 


292 

5-10 

151 

353 

5-12 

169 


371 

5-12 

161 

315 

3-59 

113 


300 

3-46 

93 

207 

2.52 

81 

^ Cervical vagi iso- 

3 SO 

2.67 

63 

369 

2.44 

62 

lated, left intact 

330 

3-12 

89 

210 

4.31 

127 


344 

3-88 

96 

217 

2.90 

82 


309 

3.02 

98 

210 

3.80 

116 


340 

3.22 

9 S 

Mean . . . 291 

3-51 

107 


319 

2.96 

S 3 





340 

2.85 

81 





310 

2.13 

75 

305 

2.62 

78 


380 

3 -II 

93 

391 

3-32 

90 


253* 

4-03 

112 

2S0 

3-68 

87 


Mean.. .328 

3-71 

108 

234 

2.6s 

83 





358 

3-29 

99 

Bilateral cervical 




210 

3.16 

94 

vagotomy 




219 

2.62 

84 





214 

2.33 

75 





295 

3.12 

82 





Mean. . .267 

2.98 

86] 



Table 2. Control guinea pigs 


wt/of Gunn:A pig 

LTOGS/\'ENniICLES 

Iltoig/body X 10~< 


LTOGBA’ENTEICLES 

lung/body X l(r‘ 

gm . 



gm . 



303 

2.42 

71 

297 

2.37 

71 

272 

1.86 

78 

341 

2.47 

79 

320 

2.08 

68 

338 

2.26 

70 

249 

2.39 

76 

370 

2.56 

73 

251 

2.89 

80 

336 

2.42 

67, 

312 

2-35 

70 

340 

2.31 

60 

294 

1.74 

74 

329 

2.34 

69 

261 

2-53 

90 

284 

3.28 

77 

237 

2.31 

77 

376 

2.16 

58 

314 

2.74 

83 

340 

2.70 

80 

286 

2.27 

65 

3S2 

2.32 

68 

246 

2.29 

63 

279* 

2.84 

67 

395 

2.28 

64 




313 

2-59 

68 

Mean 310 

2.41 

72 


balloon. The cenncal vagi were isolated in each animal, and a silk ligature was 
loosely placed around each vagus nerve. A few seconds prior to the elevation of 
intracranial pressure, the nerves were divided in one group of 9 animals, while, in 
another 9 selected at random from the same lot, the vagus nerves were left intact. 
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Table i shows that 4 of the 9 non-vagotombsed guinea pigs had lung weight/ven- 
tricle weight ratios greater than 3.70, whereas none of the 9 animals with bilateral 
cervical vagotomy presented so high a ratio. Application of the test indicates 
that the probability of such findings being due to chance alone is 2 ,3 per cent. There 
is a probability of only 0.8 per cent that the differences in lung weight/body weight 
ratios between the sham-operated and vagotomized animals in table i are functions 
of chance. In table i, one sees that 5 of the 9 animals with intact vagi exposed to 
elevated intracranial pressure show lung weight/body weight ratios higher than 10 X 
io~^, whereas by contrast none of the 9 m the vagotomized group shows such a high 
lung weight/body weight ratio. It is evident that vagotomy exerted a large protec- 



Fig. I. The lungs on the left are those of a guinea pig weighing 253 gm. after exposure to- 
increased intracranial pressure. Those on the right are from a control guinea pig weighing 279 gm. 
Both animals were guillotined. The animals were representative of the groups and are identified in 
tables I and 2 by asterisks. 

live effect against lung edema. There is certainly no indication that elimination of 
vagal innervation of lung vessels promoted edema production. 

SUMMARY 

Pulmonary edema, congestion and hemorrhage plus abnormally high lung 
weight/body weight and lung weight/ ventricle weight ratios were found in one-half 
of 24 guinea pigs subjected to increased intracranial pressure. The latter was pro- 
duced by the injection of air into a rubber balloon placed extradurally through a small 
opening in the mid-calvarium. 

Bilateral cendcal vagotomy in 9 guinea pigs a few seconds prior to similar eleva- 
tion of intracranial tension resulted in a significantly lesser degree of pulmonary 
pathology. Furthermore, a significant lowering of lung weight/ventricle weight and 
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lung weight/body weight ratios was observed in the 9 vagotomized guinea pigs as 
compared to 9 animals from the same lot with intact vagi subjected to identical 
cerebral trauma. In these experiments bilateral cervical vagotomy exerted a pro- 
tective effect against pulmonary edema subsequent to elevation in intracranial 
pressure. 
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STUDIES IN THE FRACTIONATION OF LIVER : COMPOSITION 
OF REGENERATING LIVER AFTER PARTIAL 
HEPATECTOIMY IN RATS» 
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With the technical assistance of Russell Smith 
From the Biochemical Laboratory, University of Virginia 

CHAELOITESVILLE, VIRGINIA 

T he regenerating liver of the partially hepatectomized rat provides an 
excellent tissue for the study of the relationship between growth and chemi- 
cal composition. Changes in cell structure (i, 2), lipids (3), proteins (4), 
nucleic acid (5, 6) and cytochrome C (6) have been determined in the whole liver 
tissue after partial hepatectomy. During the course of a study involving the frac- 
tionation of liver proteins (7), three main fractions having distinctive physical 
and chemical properties could be separated. The present investigation is concerned 
with the dry weight, the nitrogen and the lipid contents and concentrations of whole 
liver, three liver fractions and the particulate material at frequent intervals follow- 
ing liver lobectomy. 

METHODS 

Inbred male rats of Wistar stock, 65 to 70 days old and weighing between 150 
and 200 gm., were used as experimental animals. A stock diet consisting of Gaines 
Meal and Purina Checkers was always available. Partial hepatectomy was done 
according to the procedure of Higgins and Anderson (i) under pentobarbital anes- 
thesia; approximately 70 per cent of the total liver tissue was removed. At varying 
intervals after operation, the animals were exsanguinated, the livers were removed, 
blotted free of excess blood and stored in a beaker surrounded by ice water. The 
fractionation of liver was begun within 30 minutes. A group of rats was killed for a 
given period to yield a total of about 30 to 40 gm. of liver. 

The livers were ground in a small meat grinder and transferred quantitatively 
to a Waring Blendor with three times their weight of physiological saline and stirred 
at slightly above 0° for 3 minutes at about 5000 r.p.m. This suspension was trans- 
ferred quantitatively into a metal beaker with five times the original liver weight of 
physiological saline. The suspension was adjusted to pK 7.0 with i m sodium 
carbonate and stirred slowly at 0° for 15 minutes. The volume (usually between 
250-350 ml.) was accurately measured. Ten ml. of this mixture were homogenized 
at 0° in a small Waring Blendor at high speed and aliquots were removed for the 
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analysis of nitrogen and total solids. The sodium chloride was taken into considera- 
tion in calculatmg the total solids which were determined after heating for 48 hours 
at 105°. 

The fractionation was done on an aliquot of 90 ml. of the liver suspension. 
This was centrifuged in two 50-ml. Lusteroid tubes at 10,000 r.p.m. (12,000 X 
gravity) for i hour at 0°. The residues were combined quantitatively in a single 
Lusteroid tube with the aid of a portion of the supernatant. The residue (A) was 
obtained by centrifuging at 10,000 r.p.m. The combined supernatants were di- 
alyzed for 16 hours in a cellophane sack against running tap water maintained at 
about 10°, and were adjusted to ;^h 5,8 ± 0.05 with an acetate buffer (ionic strength, 
0.4). The precipitate (B) which formed immediately was allowed to stand for 30 
minutes at 0° and then removed by centrifuging for 15 minutes at 4500 r.p.m. at 0°. 
The supernatant of Fraction B was adjusted to a final ethanol concentration of 70 
per cent with 95 per cent ethanol. A precipitate (C) formed immediately and after 
standing at 0° for one-half hour, the suspension was centrifuged at —5° at 4500 
r.p.m. for 30 minutes. All fractions were quantitatively transferred to a weighing 
bottle with the aid of minimal amounts of distilled water. 

The remaining liver suspension was centrifuged at 1000 r.p.m. for 10 minutes 
and the upper two thirds of the supernatant was S5q)honed off. This supernatant 
was centrifuged at 10,000 r.p.m. for one hour and the residue (Fraction M) which 
contained only mitochondria and microsomes was transferred to a vial. 

The 4 fractions were dried to constant weight in a desiccator over PsOs in vacuo. 
The fractions were kept in the cold room until most of the water was removed and 
the drying was continued at room temperature. The total lipid carbon and total 
cholesterol were determined according to methods previously described (8). Nitro- 
gen analyses were done according to the Kjeldahl procedure, using a copper and 
selenium catalyst. 


RESULTS 

The 3 liver fractions may be characterized as follows: Fraction A is the saline- 
insoluble residue containing cells, nuclei, connective tissue, mitochondria, large 
microsomes and other insoluble material. Fraction B, obtained by adjusting the 
dialyzed saline extract to pK 5.8, contains appreciable amounts of nucleic acid and 
lipid. Fraction C is composed of the saline-soluble protein precipitated by ethanol 
and contains only traces of lipid and nucleic acid. 

The data for the dry weights of each of the 3 fractions per liver are plotted in 
figure I. The rate of regeneration for all fractions is greatest on the second, third, 
and fourth days after operation. The values for the sum of the 3 fractions are 
consistently lower than for the whole liver due to the loss of dialyzable and non- 
precipi table materials. The percentage distributions of Fractions A, B, and C of 
livers of control rats are 59, ?6, and 15, respectively. Following partial hepatec- 
tomy, this ratio remains relatively constant, indicating a uniform rate of regeneration 
for the cellular and cytoplasmic constituents. 

The nitrogen contents of the fractions of the control and regenerating livers are 
shown in figure 2. A pattern similar to that seen for the total solids is obtained. 
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The differences observed between the curves for the whole liver and the sum of the 
fractions may be ascribed to the nonprotein nitrogen. The percentage distributions 
of nitrogen of Fractions A, B, and C in the control group are 50, 31, and 19, respec- 
tively; during regeneration, this ratio remains remarkably constant despite the large 
increases in liver weight. 

The distribution of the total lipid carbon values are shown in figure 3. During 
the first 3 postoperative days, the lipid carbon contents of Fraction A remain fairly 
uniform and increase sharply on the fourth day. Subsequently the values tend to 
decrease. The postoperative lipid values of Fraction B decrease slightly from the 
control range. Fraction C contains only traces of lipids. The average percentage 
distribution of lipid carbon for Fractions A, B, and C in the control group is 73, 26, 



POSTOPER^'JIVE days 


Fig. I. Total solid contents of 3 liver fractions after partial hepatectomy, 

and I, respectively. On the first and second postoperative days, the respective 
values change to 67, 31, and 2 per cent and subsequently return to the control 
distribution. 

Cholesterol is present only in Fractions A and B (fig. 3). The cholesterol con- 
tents of Fraction A increase rapidly between the second and fifth days. The values 
for Fraction B decrease and remain below the control range during the experimental 
period. The percentage distribution of cholesterol in Fraction A and B in the con- 
trol liver is 72 and 28 per cent, respectively. This ratio remains fairly constant 
during tlie first three postoperative days; during the remainder of the experiment, 
the ratios approximate values of 80 and 20 per cent. 

Data for the percentage concentrations of total lipid carbon and cholesterol 
of the mitochondria are presented in figure 4. Absolute amounts are not given 
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since no quantitative separation of particulate matter is possible. The concentra- 
tion of the total lipids is too variable for interpretation. The cholesterol concen- 
trations show no change during the experimental period. 
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Fig. 2. Nitrogen contents of 3 liver fractions after partial hepatectomy. 


8 


(C 

Ul 

> 


CO 

Z 

< 

ec 


16-1 
12- 
8 - 
4 

leoH 

z 

o 

“ 140- 


< 

»- 

o 


UJ too 

o 

^ €0 
o 20H 


t! 




. i 


1 . 


I 


TTTTTTTTTTTTTTT 
O 2 4 6 8 10 12 14 


ji»«I I 


1 %tl, 


■ 1 1 1 1 iTTn 1 1 1 1 1 1 
O 2 4 6 8 K) 12 14 


tlf1i r P ri T i n- r T 


Fig. 3- 


tomy. 


O 2 4 6 8 10 12 14 

POSTOPERATIVE DAYS. 

Lipid carbon and cholesterol contents of 3 liver fractions after partial hepatec- 


Data are presented in table i whidi summarize the percentage changes in the 
amounts of total solids, nitrogen and lipid carbon at varying periods after partial 
hepatectomy. It is seen that the changes are approximately the same for nitrogen 
and total solids throughout the 14-day period of observation. The changes in lipid 
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Fig. 4. Percentage concen- 
trations of lipid carbon and total 
cholesterol in particulate com- 
ponents of the liver after partial 
hepatectomy. 
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Table i. Percentage changes erom the control values tor total solids, nitrogen, and 

TOTAL LIPIDS IN THE LIVER TRACTIONS ALTER PARTIAL llEPATECTOMy 


FRACTIONS 


postopera- 
tive DAVS 

A 

B 

C 

A 

B 

c 

A 

B 

1 Total solids 

‘ nitrogen 1 

1 

UPID 

0 

100 



100 



i 

100 


I 

34 

44 

35 

1 33 

35 

34 

-46 

63 

2 

41 

54 

47 

50 

49 

36 

53 

70 

3 

58 

58 

46 

54 

58 

47 

53 

50 

4 

68 

6S 

56 

78 

64 

56 

87 

70 

S 

73 

6-5 

65 

83 , 

79 

64 

66 

63 

6 

71 

75 

61 

75 

75 

61 

76 

63 

9 

73 

76 

73 

78 

73 

73 

74 

66 

14 

68 

93 

82 

75 

87 

78 

67 

82 


Table 2. Comparison of the lipid carbon contents of fractions a and b with calculated 

‘controls’ 


POSTOPERATIVE 

ERACnON A 

FEACnONB 

DAVS 








Content 

Calc, ‘control' 

j 1/3 X 100 

Content 

Calc, ‘control’ 

1/2 X 100 
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wg. 
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164 
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35 

20 
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8S 

81 
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39 

27 

144 

3 

84 

89 

95 

28 

32 

88 

4 

139 
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39 

36 
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5 
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136 
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44 
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carbon are not comparable' to those observed for nitrogen and total solids during the 
first few postoperative days. 

In order to assess the significance of the differences between the nitrogen and 
lipid carbon changes, the lipid carbon contents are compared with calculated ‘con- 
trol’ values (table 2). The ‘control’ lipid carbon data represent values for Frac- 
tions A and B of regenerating livers in which constant lipid: nitrogen ratios of con- 
trol livers are maintained. The ‘control’ data are obtained by multiplying the 
nitrogen contents of each fraction by factors representing the lipid carbon per mg. 
of nitrogen of Fractions A (1.52 mg.) and B (0.85 mg.) of control livers. On the 
first postoperative day the lipid carbon contents of Fractions A and B are 20 and 
15 mg. higher than the values for the respective ‘controls’. The lipid content of 
Fraction B remains increased (144%) on the second day while that of Fraction A 
returns to the ‘control’ level. With the e.xception of the fourth day, at which time 
there is an increase above the calculated values in both fractions, all lipid carbon 
contents are somewhat lower than their respective ‘controls’. According to these 
data, the increased lipid concentration of the liver during the first two daysfollowmg 
partial hepatectomy is associated not only with the saline insoluble components but 
with the saline-soluble Fraction B. 


SUilMARY 

Procedures are given for fractionating rat liver to yield: a saline-insoluble resi- 
due (A), a precipitate obtained from the dialyzed saline extract at pK 5.S (B), and 
ethanol-precipitated proteins (C). Data are presented for the changes in dry weight, 
nitrogen, total lipid and cholesterol contents of these 3 fractions after partial hepa- 
tectomy. 

During liver regeneration following partial hepatectomy, the contents of the total 
solids and nitrogen of each of the 3 respective fractions are closely parallel, and do 
not differ in their percentage distributions. Excessive amounts of lipid are present 
in Fraction A and B during the first and second postoperative days. The lipid 
carbon and cholesterol concentrations of the particulate materials remain relatively 
constant during liver regeneration. 

The authors wish to acknowledge the able assistance of Miss Florence Jones and Miss Eliza- 
beth A. Lentz. 
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CALORIE INTAKES IN RELATION TO THE QUANTITY AND 
QUALITY OF PROTEIN IN THE DIET^ 

D, M. HEGSTED and VIRGINIA K. HAFFENREFFER 

From the Department of Nutrition, Darvard School of PtiUic Health, and the Department 
of Biological Chemistry, Harvard Medical School 

BOSTON, MASSACHUSETTS 

T he relation between growth and food intake, and the relative merits of 
controlled and ad libikm food intakes in the conduct of nutrition experi- 
ments, have provoked much discussion. This has been especially true in 
studies of the nutritive value of proteins where the results could not be expressed in 
terms of imits of the nutrient, and perhaps because gain in weight appears to be more 
directly related to protein deposition in the body than to the deposition of other 
nutrients. It is probably fair to say that the superiority of either method for the 
evaluation of proteins with young animals has not been proven but sufficient has 
been written so that it is unnecessaiy to reiterate the arguments here. 

Hegsted and Worcester (i) found that the measurement of food intakes of rats receiving diets 
of constant protein content but of different nutritive value, and the subsequent calculation of pro- 
tein efficiency (gain per gm. of protein eaten), did not yield significantly more information about 
the value of the protein than the simple measurement of gain alone. Gain and efficiency were foimd 
to be very closely correlated and appeared to measure the same characteristic of the diet. Protein 
efficiency was therefore discarded as a relatively useless concept. Since the diets used in that study 
were' of constant protein content, the protein intake was proportional to the food or total calorie 
intake. Caloric efficiency, had it been calculated, would have shown the same correlation with gain 
as was found for protein efficiency. It is well known, however, that the percentage of protein in the 
diet has a pronounced effect upon the value obtained for the efficiency of any particular protein. 
With diets of varied protein content, the caloric and protein efficiency would not be parallel since 
the protein intake would not be proportional to the calorie intake but to the product of the food in- 
take and the protein content of the diet. We have therefore studied the relation between calorie 
intake and growth when the nutritional value of the diet is varied either by chan^ng the protein 
content or the quality of protein in the diet, 

EXPERIMENTAL 

Six separate experiments were made at various times during a 2-year period in 
which 5 different proteins were fed at several levels in the diet. These included 
vitamin-free casein, beef protein, and 3 different samples of soy flour which had re- 
ceived different degrees of heat treatment. The samples and the levels incorporated 
in the diets are shown in table i. The diets contained in addition to the quantity 
of supplement required to supply the desired level of protein, 4 per cent com oil, 4 
per cent salt mixture (2), i per cent Wilson's liver extract L’, and glucose to com- 
plete to 100 per cent. Crystalline thiamine hydrochloride, 200 ng] pyridoxine HCl, 
200 /ig; riboflavin, 400 fxg; calcium pantothenate, 1500 /ig; niacin, 2500 ng; and cho- 

Received for publicatioa January 31, 1949. 
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line chloride, 150 mg. were added to each 100 gm, of ration. One drop of haliver 
oil was administered weekly to each animal. Small groups of male rats weighing 
approximately 45 gm. housed in individual cages were fed each diet ad libitum for 4 
weeks. Food intake was determined daily and the animals were weighed twice 
weekly. Four or 5 animals per group were used in the first 5 experiments while in 
the 6th, 24 rats were all fed the same diet containing 10 per cent of casein. Con- 
stant temperature animal rooms were not available but the temperature was usually 
between 24° and 26°C. Data on animals which died during the course of the ex- 
periment were discarded. In experiment 4 almost half of the animals died for un- 
known reasons, probably unrelated to the diets they received. 

RESULTS 

The data have been studied in several ways. Many of these treatments appeared 
useless and others will be considered in a later paper. However, in considering gain 
in weight and calorie intakes it was soon apparent that these could not be directly 
related since, as discussed previously for protein (i), no account would be taken of 



Table i. Levels op the 

VARIOUS PROTEIN PED 

KO. or RATS 

EXPEK. 

rKOTEI.V 

I.EV’EtS OT rSOTElN FED 

PEE IE\XL 

I 

Casein' 

6, S, 10, 15, 20 

4 

2 

Beef protein* 

5> 7i 9> ^3> 

4 

3 

Soy flour No. 

5, 10, 15, 20, 25 

5 

4 

Soy flour No. 2’ 

5, 10, 15, 20, 25 

5 

5 

Soy flour No. 5’ 

5, 10, 15, 20, 25 

5 

6 

Casein' 

10 

24 

* Vitamin-free, General Biochemicals Inc. 

- Prepared from beef muscle, Wilson Labora- 


tories. ® Defatted S03' flours, Archer-Daniels Midland Company, subjected to varying degrees 
of heat treatment. Soj' flour no. i received least heat and no. 5 the most. 

the calories required for maintenance. It appeared more logical to attempt to 
relate the caloric intake to the total body weight of the animal rather than to the 
gain in weight. The results of the analyses appear to support this supposition. 
Since daily food intakes are variable, mean food intakes over a considerable period 
of time were used and correlated with the mean body weiglit during the same pe- 
riod. Mean body weight was obtained by averaging the weekly weights. 

.Figure i is a scatter diagram of each experiment in which the logarithms of the 
mean calorie intake per day have been plotted against the logarithms of the mean 
body weight during the 4-week experimental period. While it is often not possible 
to show that the use of logarithms improves the correlation, probably because of the 
relatively short range over which the present data extend, they have been used be- 
cause of the success of similar plots in the work on basal metabolism by Brody and 
others (3). 

The appropriate regression lines were calculated for each experiment. The 
equations for these lines, shown in table 2, are of the type, y = bx + a, where y = 
log calorie intake per day, x == log mean weight, and b is the slope of the line. The 
standard error of the slope, Sb, and the standard error of the estimate, Sxy, are also 
shown. The lines for soy flour number i and soy flour number 2 have slopes some- 
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\vliat, but not significantly, greater than the other 3 lines. None of the slopes is 
significantly different from any other when tested at the s-per cent probability 
level. Therefore, all of the data may be combined as shown in figure 2, where they 
have been plotted on log-log paper. The regression line for the combined data, 



Fig. I. Scatter diagram showing the relation between logarithm calorie intake and logarithm 
body weight in the various experiments. 


Table 2. Equations for tke relation of log calories per day to log mean weight for 

VARIOUS DIETS 


PfiOTEZN TED 

EQUATION OF KECRESSION LINE 

r 

Sb 

Sy.x 

Casein 

Y = log Cal.-, X = log wt. in gm. 
y = .843X — .0745 

Y = .823X + .0331 

Y = 1.043X — .4203 

Y = 1.0S9X — .4961 

Y = .847X — .0567 

Y = .872X — .0956 

.963 

.017 

.031 

Beef 

.976 

•043 

.023 

Soy flour i 

.927 

.094 

.044 

Soy flour 2 

•939 

.107 

•035 

Sov flour 5 

•953 

.069 

•037 

Casein (10%) 

.792 

• IS 4 

.034 



r = Correlation coefficient; Sb = standard error of regression coefficient; Sy.x = standard 
error of estimate. 


log cal/day = .882 log wt. — .1228, becomes cal/day = .756 wt.-®*- when the log- 
arithms are removed. The relation of body weight to energy expenditure in rest- 
ing rats and the basal metabolism of normal rats of various sizes is also shown for 
comparison. These data were obtained by Brody and coworkers (3, p. 406) by 
oxygen consumption measurements at ^o°C. and, for animals of similar size, clearly 
parallel our data upon food consumption. 
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These data offered also a means of testing the effect of the length of time that 
the experiment is run upon the accuraqr of the results obtained. The data from 2 
of the experiments were analyzed separately for the first week, the first 2 weeks, etc., 
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Fig. 2. Combined data erou all experiments have been plotted to showthe relation of tota 
caloric intake to the basal and resting metabolism of rats as determined by Brody. 


Table 3. Eefect of time on relation betiveen log calories per day and log mean weight 

AND THE ACCURACY OF MEAN GAIN 


TIME 

EXPEE. 1 , 5 LEVEES OF CASEIN 

i . 


w 

6, 1 LEVEL or CASEIN 


eeeiod 











wt. vs. Calories 



wt. vs. Calories 

Mean gain ± 
St. dev. 

C 

wks . 

r 

6 ± 

Jj/i. % 

r 

6 i Jj j 

n / b , % 


% 

O-I 




.651 

.806 ±.2154 

27.6 

15.1 ±5.68 

37-5 

0-2 

•935 

.891 ±.0793 

8.8s 

•754 

.824 ±.1646 

20.0 

37.5 ±8.98 

23-9 

0-3 

•9S7 

.811 ±.0183 

2.21 

.802 

.852 ±.1456 

18. 1 

54.8 ±10.10 

18.6 

0-4 

•963 

.842 ±.0176 

2.09 ! 

.792 

.872 ±.1539 

19.4 

84.8 ±16.40 

19-3 

2-4 

.863 

.876 ±.1280 

14.60 







C = Coefficient of variation of gain; r = correlation coefficient; b =fc Sb = regression coefficient 
± standard error. 


as shown in table 3, The standard error of the slope of the regression Ime obtained 
in each case has' been calculated as per cent of the slope. Also, in ‘experiment 6, 
where data upon a larger group of animals receiving the same diet were available, 
the mean gain during the various time periods, the standard deviation, and the co- 
efficient of variation were calculated. Each criterion indicates that maximum 
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accuracy has been obtained after 3 weeks although the improvement over the 2-week 
data is only slight. 


DISCUSSION 

The data taken together as in figure 2 or for the individual experiments as in 
figure I indicate that, within the limits of error of the data, the mean food intake per 
day during the period of study was proportional to the basal metabolism or weight 
to approximately the 0.9 power. Since the same relation was found during the first 
2, 3, or 4 weeks of the period, it would appear that the mean daily food intake at 
any time during the first 4 weeks was also proportional to this power of body weight. 
It is realized that as a matter of fact, daily food intakes are highly variable but it is 
convenient for the purposes of discussion and analysis to speak of daily food intakes. 
The constancj’^ in the relation of food intake to basal metabolism appears to hold 
regardless of the rate of gain or the reason for the differences in the rate of gain, 
since in most of the experiments the rate of gain was controlled by the amount or 
kind of protein in the diet but in one experiment (exper. 6 ) the differences in gain 
were due to differences inherent in the animals themselves, aU animals receiving the 
same diet. 

It may be argued that the regression lines showing the relation of calorie intake 
to body weight in figure i have not been proven to be the same and this must be 
admitted. It can be said that the data, as they stand, do not indicate signihcant 
differences in the relation in the 6 experiments and even if minor differences due to 
diet be admitted, the more important fact remains that the food intakes are approx- 
imately parallel to the basal metabolism. The total calorie intake is of course 
considerably above the calories expended by resting rats or rats in the basal state. 
The difference between our calculated line and that of Brody (fig. 2) may be ac- 
counted for as difference in temperature at which the studies were done, activity in 
our animals, energy consumed but undigested in our animals, etc. From the data 
of Swift and Forbes (4) it would appear that the basal metabolisms of our animals 
would be approximately 20 per cent above Brody's data because of the differences in 
temperature. A comparison of the two lines seems valid since differences should be 
relative throughout the study although due to several factors just mentioned. 

Assuming that the mean caloric intake is a constant percentage above the mean 
basal metabolism for all of the animals regardless of the rate of gain, a rough esti- 
mate of the distribution of the calories eaten may be made as shown in table 4. 
The computation is subject to criticism since possible differences in body compo- 
sition have not been considered. However, the data of Bosshardt el al. (5) indicate 
that differences in body composition may be expected to be slight, contrary to the 
conclusion of Mitchell and Carmen (6). The difference in caloric intake and basal 
metabolism gives the calories available for growth, activity, etc. These are essenti- 
ally constant when expressed as percentage of the basal calories (column 5), The 
gain times 2.5 cal/gm. gives the calories deposited as tissue, assuming as indicated 
above that the composition of the gains is not. markedly different. The efficiency 
of the calories thus available for gain is shown in column 9. As concluded in a pre- 
vious publication (i) the efficiency is very closely related to the rate of gain. Finally 
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the calories used neither as basal metabolism or gain must be burned or metabolized, 
presumably in activity (colvunn 10). These appear to be relatively constant in 
terms of calories but decrease rapidly when compared to the total calories available 
(colunm 11). Thus, in the relative sense, animals which are unable to grow are 
wasteful of calories even when the calories required for basal metabolism are sub- 
tracted. We believe them to be more active and irritable although no measure- 
ments are available, Mitchell and Carmen (6) concluded that the calorie increment 
due to activity in normal rats is relatively small and this was true in the well nour- 
ished rats. 

The total calorie distribution may be represented by the following equation: 
total calorie intake = aWt - ^ + 2.5 gain in gm. + 7 calories. Such an equation, 
however, is of little value as an aid m considering the factors which govern food in- 
take. It implies that the animals eat enough calories to meet basal needs, plus 
enough to meet the gain which the particular diet is capable of supporting, plus 7 


Table 4. Calculated data FROii fig. 2 showtng the calorie intake and the disposition of 
CALORIES IN ANIilALS GAINING AT VARIOUS RATES 


1 

2 

3 

m 

5 




9 

10 

ICEAN WT. 

BASAL 

lIETABOIr 

1S}S. 

TOTAL 

INTAKE 

CALORIE INTAKE 
ABOVE Bit 

CAIN 

EITiaENCV 

|xioo 

HEAT PROD. 
ABO\X BM 4“S 

3-2 





gm. 

Callday 

Cal/day 

CaJIday 

% of Bit 

gm. 

gm. 

Cal. 

% 

Cal. 

% of Sit 

45 

13-78 

21.61 

7-83 

S6.8 

0 

0 

0 

0 

7-83 

56.8 

SO 

15-03 

23-73 

8.70 

57-8 

10 

•35 

.89 

10.2 

7.81 

52.0 

65 

18.7s 

29.89 

II. 14 

59-5 

40 

1-43 

3-58 

32-1 

7-56 

40-3 

75 

21.13 

33-00 

12.77 

60.5 

60 

2.14 

5-35 

41-9 

7-42 

3 S-I 

95 

25.80 

41.76 

15.96 

61,8 

100 

3-57 

8-93 

55-9 

7-03 

27.2 


calories. We do not conceive of an animal eating in this fashion and propose as an 
alternative, and to us more logical, interpretation that the food intake of an animal 
is governed by means yet unknown at a certain percentage above its normal basal 
metabolism. This amount of food once eaten must be disposed of. Gain will 
result to the extent that the protein, vitamin and mineral needs are met by this 
amount of food. The remainder must be used, presumably as activity. If the food 
eaten does allow growth, the body size will increase, the basal metabolism will be 
increased, and the food intake on succeeding days thus increase. 

Other explanations are perhaps as valid, but these suggestions may lead to some 
advance in the provoking question: “Why does an animal eat the amount of food 
that it does under various dietary conditions?” Those who have followed the argu- 
ments of od libitum versus paired feeding during the years are aware that this is 
more than the familiar ‘chicken and egg’ proposition, and is often of fundamental 
importance in the interpretation of feeding experiments. 

I^diether few or many feeding studies can be interpreted upon a similar basis 
remains to be determined. Changes in basal metabolism as a result of the deficiency 
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would obviously negate tbe theory but such changes were not observed in a similar 
study with rats fed various levels of protein by Forbes et al. (7). Also deficiencies 
which directly affect appetite, such as thiamine deficiency, could not be expected to 
follow the trends exhibited by the protein deficient animals in this study. As 
Kleiber (8) has pointed out, the efficiency of energy utilization during dietary de- 
ficiency may be lowered by decreasing the food intake, increasing the basal metab- 
olism, or increasing the calorigenic action of the food. A decision as to whether the 
first or last of these 3 has occurred in any particular study will require careful con- 
sideration of the baseline to which the food intake is compared. Also, to state that 
the calorigenic action of the food is increased implies a positive action of the food. 
In the present study, it is true that a larger proportion of the calories eaten has been 
expended as heat, but we do not interpret this as a direct action of the food or the 
deficiency but merely as a necessary consequence once food which does not allow 
growth is eaten. 

The question of the baseline to which metabolic measurements and food in- 
takes, etc. should be compared is of considerable importance. The writings of Brody 
(3) and Kleiber (9, ro) contain repeated warnings against the use of surface area as 
the baseline and these authors have thoroughly discussed the reasons for this con- 
clusion. Both of these authors find that in normal adult animals of various species 
the basal metabolism varies approximately as weight to the 0.7 to ,75 power. 
Kleiber (10) appears to be inclined to utilize the same unit in various experiments 
utilizing animals of various species and ages, but the data for various species pre- 
sented in his paper lend considerable support to the belief that this unit may not be 
applicable within any one species. The extensive data compiled by Brody (3, 
chap. 14) indicate marked changes in the relation of metabolism to body weight 
with age. In rats weighing from 40 to 100 gm. the basal metabolism appar- 
ently varies approximately with weight to the 0.84 to 0.9 power, as already indicated, 
while in adult male rats it was found to vary with weight to the 0.35 power. Evi- 
dence being accumulated in our laboratory (McPhee and Hegsted, unpublished) 
suggests that food intakes in adult animals likewise vary with approximately this 
power of body weight, Wt-^. The recommendation of Brody and Kleiber that sur- 
face area be discarded as a unit in metabolic studies, and where ever possible the 
true power of body weight which corresponds to metabolism be used, should receive 
the recognition it deserves. 

In this regard it should be noted that according to Brody, the basal metabolism 
in relation to body weight changes at or shortly after puberty. Studies continued 
for long periods may result in some of the animals reaching weights where they are 
no longer comparable to other animals started at the same time. Since in the pres- 
ent studies apparently maximum accuracy was obtained within 3 weeks, long feed- 
ing experiments would appear to offer little advantage for maiy problems and may 
actually distort the results. 

Finally Kleiber (10) concluded, “two animals may be regarded as being upon 
the same level of food intake when the rate of intake of metabolizable energy is the 
same multiple or the same fraction of the standard metabolic rate.” Our ad libitum 
fed animals would appear to satisfy this condition even though they were growing at 
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markedly diSerent rates. If this he true, then the main argument for paired-feed- 
ing, that the food intake of animals receiving ad libitum feeding is not controlled, 
would appear to be based on false assumptions. It is dear that the food intake is 
controlled and, whatever the mechanism may be, these data suggest that it is con- 
trolled in proportion to metabolic rate. 

SUMMARY 

Twenty-five different diets in which the quantity and quality of protein were 
varied were fed to young male rats for a 4-week period. Analysis of the data upon 
food intake and body weights suggests that the mean daily calorie intake varied as 
the mean body weight raised to the 0.88 power. Animals receiving the same diet 
but which varied in rate of gain and in calorie intake because of inherent differences 
in the rats themselves showed a similar relation between food intake and body 
weight. 

Published results by Brody indicate that the basal or resting metabolism of rats 
of this size also varies with body -weight raised a power near this value (0.84-0.9) • 
It therefore appears that the mean calorie intake was a constant percentage above 
the mean basal metabolic rate during the experimental period, regardless of the 
rate of gain or the cause of this difference in gam, i.e., inherent differences or differ- 
ences in the nutritive value of the diet. It is suggested that the food intake of the 
animals is controlled by some means at a relatively constant per cent above the 
basal metabolism. If the food thus consumed contains adequate nutrients for 
growth, the animal grows, increases its basal metabolism, and thus its food intake 
upon succeeding days. If the food eaten does not allow growth, or only limited 
growth, the remainmg calories must be consumed, probably in activity. The 
efficiency of the animal unable to grow is thus markedly diminished even when the 
calculation is made only upon the calories above those required for basal metabolism. 

We are indebted to Com Industries Research Foundation, New York City; Merck and Com- 
pany, Inc., Rahway, N, J.; Sheffield Farms Company, Inc., New York City; WUson Laboratories, 
Chicago, HI.; and Gaines Division of General Foods Corporation, Hoboken, N. J. for generously 
supplying us with materials. 
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EFFECTS OF ATROPINE ON FOOD INGESTION AND 
WATER DRINKING IN DOGS 

J. W. ARCHDEACON, M. W. PRESNELL and C. J. WALTON 
From ihe Department of Anatomy and Physiology, University of Kentucky 

LEXINGTON, KENTUCKY 

A N ASSOCIATION of belladonna with anorexia has been reported by 
Zjk Rivera Perez (i). Montgomery (2) reported that large doses of atropine 
JL jL did not affect significantly the water intake of dogs with or without salivary 
glands. Also it was observed that there was no change in the two-hourly intake 
of water after injection of the drug. No change in water intake was obser\’'ed with 
pilocarpine. In another study Montgomery (3) observed that total extirpation of 
the salivary glands in dogs did not result in a decreased water intake. It was con- 
cluded that it was improbable that the salivary glands were a major factor in thirst 
regulation. Steggerda (4) in a study of the relation of thirst to dryness of the mouth 
in a hiunan subject concluded that water intake is not necessarily related to a dry 
mouth. Studies of salivary conditioning in atropinized dogs and of pilocarpine 
conditioning were made by Finch (5, 6). Also the effects of atropine, pilocarpine 
and other drugs on oral and pharyngeal mucous secretion were reported by Mont- 
gomeiy (7). 

The following experiment is a study of the effects of several doses of atropine 
sulfate on food ingestion and water drinking in dogs. 

SIETHODS 

The experiment was divided into four periods. Six adult female dogs ser\’-ed 
as subjects. The animals were confined separately to cages. A block chow (Purina) 
was administered as the only source of solid food in all periods. The dogs were 
accustomed to this diet. Drinking water was available in the cages. 

Four dogs were used in Period I. Each animal was injected intramuscularly 
every other day with .3 mg. atropine sulfate and on alternate days with isotonic 
sodium chloride solution. This routine was interrupted one day in ever}^ 7 days 
when the animals were not injected but had food and water available for the usual 
length of time. The interval of feeding was 45 minutes and began 30 minutes after 
the injection. The animals were fed at approximate!}'’ the same time each day. 
The volume of water drunk during the inter\'’al of feeding was recorded. Likewise 
the volume of water drunk over the remainder of the 24-hour inten'al from a liter 
of water placed in the cage was recorded. The period consisted of 20 days on xo 
of which the animals were injected with atropine. The data of this and subsequent 
periods are expressed in daily averages in table i. The e-xperiment v.’as conducted 
in Period II identically as in Period I, except that the animal received i mg. of 
pilocarpine hydrochloride in place of atropine sulfate. The pilocarpine was used as 
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an additional control on the atropine, and at the same time similar measurements 
were made on the effects of this drug in the particular dose used. A few averages 
in Period 11 are based on 8 and g days. Room temperature reading was recorded 
daily. 

The length of Period III was 40 daj^s. This period consisted of 8 inter\'als of 
5 days each. Each interval was separated by 2 days. In the first 4 inter\'als, 
consisting of 20 days, each animal was injected with isotonic sodium chloride solution 


Table i. Atorage values of dry food ingested and water drunk 


DOG 

DRY rOOD 

IKGESTED 

WATER DRtntTC IN FEEDISG 
INTERVAL 

WATER DRUNK 

DAILY 

i 

A 

B 

A 

B 

A 

B 


Period 1: A, sodium chloride control; B, .3 mg. atropine sulfate 




gm. 

ml. 

j ml. 

ml. 

ml. 

I 

144 

72 

47 

4 

509 ! 

294 

2 

I7I 

96 

7S 

16 

569 

372 

3 

182 

98 

109 

. 5 

731 

479 

4 ^ 

194 

213 

1 

104. 

^03 

797 

792 

Period II: ^4, 

sodium chloride control; B, i mg, pilocarpine hydrochloride 

j 

1 

176 

IS 3 

51 

53 

623 

498 

2 

182 

209 

91 i 

94 

642 

7 SI 

3 

192 

209 

99 

lOI 

837 

847 

4* 

218 

210 

1 19 

88 

852 

916 


Period III: A, sodium chloride control; B, .6 mg. atropine sulfate 


5 

6 

2 

3 

128 

466 

149 

228 

58 

267 

1 22 

133 

63 

i 20S 

41 

127 

1 

3 

-5 

13 

5 

1 

458 

2005 

477 

956 

27S 

1137 

497 

S 86 


Period IV: A, sodium chloride control; B, 1.5 mgs. atropine stdfatc 


I 

190 

4 

117 

15 

659 

56 

2 

202 

32 

95 

II 

678 

16I 

3 

259 

20 

123 

II 

1016 

144 

4 ‘ 

212 

255 

195 

180 

875 

1047 


^ Control. 


one hour before feeding time which lasted one hour at approximately the same time 
each day. Drinking water was available during the inter\'al of feeding and during 
the remaining 23 hours. The last 4 intervals of 5 days each were conduced similarly 
excepting each animal was injected intramuscularly with .6 mg. atropine sulfate 
instead of the placebo solution of saline. The same measurements were made in 
Period III as in Periods I and II. 

In the last phase of the experiment, Period IV, 3 of 4 dogs were injected each 
daily with 1.5 mg. atropine sulfate for an interval of 6 days. Then the same animals 
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were injected with isotonic saline for another 6 days. Otherwise the routine of this 
period was identical with that in Periods I and II. The fourth animal served as a 
control. Body weights were recorded at the beginning and end of each of these 
intervals. 


RESULTS AND DISCUSSION 

Dry Food IngesCioii. The injection of the ,3 mg. atropine sulfate was accom- 
panied by a pronounced food intake inhibition in the animals. The dry-food inges- 
tion of dogs 1, 2, and j in the atropine interval in Period I was 50, 56, and 54 per cent, 
respectively, of that in the control interval. The ingestion of the control animal 
at the same time was no per cent. The average dry-food ingestion of the identical 
animals in the interval when i mg. pilocarpine hydrochloride was injected was 87, 
1 15, 109 and 96 per cent, respectively, of that in the control interval in Period II. 
It is concluded from these data that the atropine sulfate e.verted a real food ingestion 
inhibitory effect. The pilocarpine hydrochloride seemed to have no significant 
effect on the quantity of food eaten. The average daily room temperature in the 
control interval in Period I was 2i°C., while that in the atropine interval was i9°C. 
The average room temperature in each of the intervals in Period II was 2o®C. 

The dry-food ingestion of dogs 5, d, 2, and j in Period III when .6 mg. atropine 
sulfate was injected was 45, 57, 82 and 58 per cent, respectively, of that in the 
control interval. The decrease in dog 2 was not as marked as in Period I. Again 
here it seems there was a definite inhibitory effect of the atropine on food ingestion. 
The average daily room temperature in the control interval in Period III was 2i°C., 
while that in the atropine interval was i7°C. The lowered room temperature in 
the atropine interval resulted probably in the ingestion of more food by the animal 
than if the temperature were higher. 

The most marked inhibition of food intake occurred in Period IV when the dogs 
were injected with 1.5 mg. atropine sulfate. Dogs r, 2, and j ingested only about 
2, 15 and 8 per cent, respectively, of the dry food ingested in the control interval. 
The control animal ingested about 120 per cent. The average room temperature 
in the sodium-chloride inters^al was 23°C., while that in the atropine interval was 
i9°C, The marked decrease in dry-food ingestion after the drug was administered 
occurred in spite of the drop in average room temperature. 

It was observed in Period IV that the atropine was still very effective on the 
sixth day of administration. However, release after cessation of the drug was very 
prompt. The animals regained their controlled eating patterns practically at once. 
In the 6 days of atropine administration in Period IV dogs i, 2, and 5 lost about .9, 
.6, and .7 kg,, respectively. The control animal lost about .3 kg, in the same time. 
The former three animals regained about .5, .3, and .5 kg., respectively, in the 
control interval. The control animal’s weight increased about .1 kg. 

The food intake inhibiting effect of atropine is evident in these experiments. 
The question rises as to how the atropine produces this inhibition. Perhaps the 
mechanism of inhibition may operate at some central nervous system level. Such a 
level has been suggested for the mechanism of d-Amphetamine-induced decrease 
in appetite (8, 9). 
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Water Drunk. The effects of the atropine on the volume of water drunk in the 
feeding interval and that drunk daily in Period I can be deduced from the data in 
table I. There was a marked inhibition of drinking in the feeding interval after the 
drug had been injected. These data seem to be somewhat in disagreement with 
those of Montgomery (2) who reported that there was no change in the 2-hourly 
intake of water after injection of atropine. Conditions were not exactly the same 
in both studies, however. In the present experiments the measurement of water 
intake after injection was made during the only time when food was available, as 
described earlier. 

The water drunk daily by the atropinized animal was much less than that of 
the same animal in the control interval, as shown in table i. Yet roughly the ratio 
of water drunk daily to drj^ food ingested in the control interval was disturbed but 
little by the administration of the atropine or pilocarpine. On this basis, it is 
assumed that total daily drinking was changed little by either drug. However 
there was some indication that the atropine may have stimulated the drinking of 
water slightly over the 24 hours. The same observations were made in Period III 
and IV with respect to the effects of the atropine sulfate on water drunk in the interval 
of feeding and daily. 

The question rises as to what extent the urge to drink may be modified by 
salivation. It may seem that the probable decrease in salivation in the animal as a 
result of injection of the atropine might have resulted in increased drinking of water. 
However, there was no evidence of this at least several hours after administration of 
the atropine. In fact, there was an inhibition temporarily. These results and the 
work of others (2-4) indicate that the salivary glands may not be the primary 
regulator of water intake. Perhaps the mechanism of thirst operates at some 
central nervous system level. 

SUMMARY 

Dogs were injected with atropine sulfate and the effects of the drug in the doses 
used were observed on ingestion of food and drinking of water. The atropine 
exerted a real food ingestion inhibitory effect. Also there was generally an inhibition 
of water drinking immediately after injection of the atropine as explained, although 
there ma}'^ have been a slight stimulation of water drinking over the 24 hours. The 
mechanism of the inhibition of food intake and temporary drinking of water by the 
atropine is not apparent. The pilocarpine in the quantity used produced no signifi- 
cant changes. 
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ESTIMATION OF RELATIVE VELOCITIES OF PLASMA AND 
RED CELLS IN THE CIRCULATION OF MAN^ 

EDWARD D, FREIS, JOSEPH R. STANTON and CHARLES P. EMERSON 

From the Evans Memorial, Massachusetts Memorial Hospitals, and, the Department of Medicine, 

Boston University School of Medicine 

BOSTON, MASSACHUSETTS 

F AHREUS (i) on the basis of variations observed in the concentration of 
cells and plasma in blood flowing through glass tubes of varying diameter, 
concluded that the velocity of the cells must exceed that of the plasma. 
This hypothesis received confirmation from in vivo experiments conducted by Dow, 
Hahn and Hamilton (2), who injected red cells tagged with radioactive iron, sus- 
pended in plasma stained with Evans blue dye (T-1824), into the superior vena cava 
of a dog; determination of the relative radioactivity of, and plasma dye concentra- 
tions in, aliquot specimens of blood drained from the left heart indicated that the 
erythrocytes moved slightly faster than the plasma. 

The present communication describes a method for the separate estimation of 
cell and plasma velocity through an isolated segment of the peripheral circulation in 
man. Included are the results of 6 experiments, demonstrating that erythrocytes 
move at a more rapid rate than plasma. 

METHODS AND RESULTS 

By injecting instantaneously a mixture of traceable red cells and plasma at one 
point in the circulation and collecting samples at frequent intervals from another 
the relative velocities of the cells and plasma were determined in their transit past 
the point of sampling. In order to recover the donor cells and plasma in concentra- 
tions sufficiently high to permit accurate measurement of small samples a single 
capillary bed, that of the forearm, was selected for study. The injections were made 
into the brachial artery and the collections were taken from an antecubital vein, 
the circulation to the hand being excluded meanwhile by a pneumatic cuff about the 
wrist inflated to pressures above systolic. 

The donor cells were selected for their failure to agglutinate when tested with 
anti A, B or M grouping serum, the recipient cells, on the other hand, being practically 
completely agglutinated by the test serum. Recipients were selected as test sub- 
jects only if less than 0.4 per cent of their red cells failed to agglutinate after exposure 
to the test serum employed. By contrast a sufficient quantity of donor cells was 
injected to reach peak concentrations of 20 per cent in the collected blood samples. 
A description of the technique and a statistical analysis of its accuracy has been 
reported by Young and his co-workers (3). The error of the method was judged 
to be db 2.2 per cent (S. D. =h 2) (4). 
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In studying the velocity of the plasma, advantage was taken of the fact that 
the dye T-1824 is bound firmly and instantaneously to the plasma proteins. Three 
parts of a concentrated suspension of red cells in plasma were mixed in a sterile 
stoppered flask with one part of a o.i per cent solution of T-1824 in normal saline. 
Usually 3 cc. of this mixture was taken up in a s-cc. syringe and injected into the 
brachial artery. 

With the patient supine the brachial arteiy’- was punctured with an 18-gauge 
needle through novocainized skin. The patency of the needle was maintained either 
by connecting it through a Hamilton manometer to a reserNmir containing 5 per cent 
sodium citrate or by means of a stylet and repeated flushing with heparin solution. 
The venous needle was 13- or 15-gauge and was directed against the stream in a large 
vein primarily draining deeper tissues. Its patency was maintained by the slow 
infusion of isotonic saline through a three-way stopcock. A short length of nylon 
catheter was connected to the other end of the three-way stopcock to facilitate the 
collection of samples in Kahn precipitin tubes. Tw’o drops of a mixture of potassium 
and ammonimn oxalate dissolved in saline (5) were placed in each test tube to prevent 
coagulation and minimize hemolysis. 

After occluding the circulation to the hand the valve of the three-way stopcock 
was turned so that blood was allowed to run from the vein through the catheter 
connector into a lo-cc. test tube until approximately 5 cc. of blood had been col- 
lected. The end of the catheter connector was then moved to the first of the series 
of precipitin tubes and the ‘blank’ or reference sample was obtained. WTiile the 
latter sample w’as being collected an assistant connected the syringe containing the 
mixture of donor cells and dyed plasma to the arterial needle and injected the con- 
tents of the syringe. 

The injection, which was almost instantaneous, was accompanied by a verbal 
signal to a second assistant who began to call off second inter\'als from a stopwatch. 
The end of the catheter connector was then moved from tube to tube at 2-second 
intervals until the timed collection period was completed immediately following 
which the tubes were corked and the blood mixed with the oxalate by means of 
gentle inversion of the tubes. When the collection period was longer than 3° 
seconds more than one test tube rack was used in order to prevent clotting since the 
tubes in the first rack could be corked and inverted, while the samples in the second 
rack were being collected. After flushing the three-way stopcock and its connections 
a duplicate series of determinations could be carried out. 

If venous blood flow was too sluggish to permit the collection of sufficiently large 
samples or if hemolysis occurred the samples were discarded. It was essential to 
place both needles well within the lumen of the respective blood vessels and to 
prevent the venous needle from becoming obstructed through contact with the vein 
wall. In several instances adequate blood flow was obtained by creating reactive 
hyperemia in the forearm by means of a blood pressure cuff placed high on the upper 
arm. After the circulation to the upper extremity had been occluded for 5 minutes 
the pressure in the arm cuff was released and the test was carried out during the 
hyperemic period. 

The cell counts were performed by the selective agglutination techniques of 
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Ashby (6) or Landsteiner and his co-workers (7), depending on the blood type of the 
donor, using desiccated rabbit serum to agglutinate the recipient cells. The samples 
were then centrifugalized at a speed of 3000 R.P.M. for one hour, and the plasma 
pipetted off. The plasma samples which were heavily dyed with T-1824 were 
diluted by pipetting 0.2 cc. of each plasma sample into 1,0 cc. of normal saline. 
Using as a reference the diluted plasma sample collected immediately prior to the 
injection of the cell-dye mixture the density of the remaining samples were deter- 
mined at a wavelength of 620 millimicrons in the Coleman Junior spectrophotom- 
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Fig. 1. Time concenteation curves of donor cells and dyed plasma in 6 separate experiments 
on 4 subjects. The concentration scales have been adjusted in each case so that the peaks of the 
dye and cell concentrations fall at equal points on the ordinate. 

Analysis of the curves of concentration of the injected cells and dyed plasma in 
six separate determinations in 4 subjects disclosed that in every case the mean 
velocity of the cell mass was greater than that of the plasma mass (fig. i). Although 
the appearance time of donor cells and dyed plasma was simultaneous in most 
instances the concentration of cells had reached its peak and was already declining 
when the concentration of dyed plasma was still rising. In addition, the gradient 
of both the rising and the falling phases of the cell concentration curves usually was 
steeper than that of the dye curves further indicating a more rapid transit of the cell 
mass. 

mscvssias 

The observations that the mean velocity of the cell mass is greater than the mean 
^'elocity of the plasma mass are consistent with the laws of Poiseuille (8) concerning 
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the movement of fluid in tubes and of Fahreus (i) concerning the movement of cells in 
the blood. The velocity of flow in the blood vessels is laminar in character because of 
the frictional resistance of the vessel walls and intramolecular friction, being greatest 
in the center of the stream and least at the periphery. This streaming effect is 
amplified by two factors: 1) the viscosity of the blood and 2) the relatively small 
diameter of the individual capillaries. Laminar flow would be most pronounced in 
the capillaries where a given volume of plasma is exposed to a greater frictional 
surface area than in the large vessels. The velocity gradient between this slow 
moving plasma at the capillary walls and the fast moving plasma in the center of the 
stream, therefore, would be large. 

Further, since by Bernoulli’s law (9) the lateral pressure of the fluid in a tube is 
inversely proportional to the velocity of flow, the larger the difference in velocity 
between the center and the periphery of the stream, the greater will be the gradient of 
lateral pressure. Hence, in the minute vessels such as the capillaries where the 
velocity gradient is very large, the pressure gradient from the axis to the periphery of 
the stream also will be large. Thus, in the capillaries the velocity will be greatest in 
the center of the stream but the pressure will be lowest in this region. As a conse- 
quence the cells which are in effect particles floating in a liquid menstruum will be 
forced into the area of least pressure, the central stream, which is also the region of 
greatest velocity. Thus, the greater mean velocity of the cell mass may be explained 
readily in terms of established law’s of hydraulics. 

That the appearance time was the same for the plasma and the cells may be ex- 
plained by the fact that the small segment of the plasma mass occupying the central 
stream will traverse the capillary bed at the same speed as the fastest moving cells. 

' Since the characteristics of laminar flow are most pronounced in the vessels of 
smallest diameter it is evident that in the capillaries a considerable proportion of 
plasma will lose velocity through frictional resistance with the capillary walls whereas 
the red cells will move ahead in the central stream. Hence, as pointed out by 
Fahreus (i) the proportion of cells to plasma will be less in the capillaries than in the 
large vessels. These data, therefore, support the conclusions of Stead and Ebert (10) 
and of Gibson and his co-workers (ii) that the hematocrit of the capillary blood is 
significantly lower than the hematocrit of blood flowing in larger vessels. The 
falsely high hematocrit in the large vessels may explain at least in part the fact that 
the total blood volume calculated from the plasma volimie and such a hematocrit 
usually is significantly higher than the total blood volume calculated from the red 
cell volume and plasmatocrit (ii). 


STBQIARY 

A method is described for determining the relative velocity of identified plasma 
and cells during a single circulation through an isolated peripheral segment of the 
circulation (the forearm) in man. In 6 experiments the mean velocity of the cell mass 
was found to be perceptibly greater than the mean velocity of the plasma mass, thus 
demonstrating in the circulation of man the principles governing the velocity of 
particles in a stream subjected to laminar flow. 

The authors thank Dr. Robert W. Wilkins for helpful advice and criticisms. 



April ip4p 


CIRCULATION VELOCITY 


157 


REFERENCES 

1. FAhreus, R. Physiol. Rev. 9: 241, 1929. 

2. Dow, P., P. F. Hahn and W. F. Hamilton. Am. J. Physiol. 147: 493, 1946. 

3. YotTNG, L. E., R. F. Platzer, J. A. RAFEERTy, P. Berdine and M, J. Izzo. J. Lab. & Clin. 
Med. 32: 489, 1947. 

4. DeGowin, E. L. Personal communication. 

5. Emerson, C. P., Jr. and R. V. Ebert. Ann. Surg. 122: 745, 1945. 

6. Ashby, W. J. Exper. Med. 29: 267, 1919. 

7. Landsteiner, K., P. Levine and N. L. James. Proc. Soc. Exper. Biol. & Med. 25 : 672, 1928. 

8. PoiSEDiLLE, J. L. M. Compt. rend. Acad. d. sc. ii: 961; 1041; 1840, 12: 112, 1841. 

9. Quoted from F. A. Saunders. A Survey of Physics for College Students, New York: Henry 
Holt & Company, 1930. 

10. Stead, E. A., Jr. and R. V. Ebert. Am. J. Physiol. 132: 411, 1941. 

11. Gibson, J. G., 2ND, W. C. Peacock, A. M. Seligman, and T. Sack. J. Clin. Investigation 25: 
838, 1946. 



TETRAETHYLAMMONIUM AS AN AID IN THE 
STUDY OF CARDIOVASCULAR REFLEXES^-^ 


GORDON K. MOE, BARBARA R. RENNICK, LUIS R. CAPO* and 
MILLARD R. MARSHALL^ 

From the Department of Pharmacology, University of Michigan 

ANN ARBOR, MICHIGAN 

S INCE tetraethylammonium (TEA) was shown to block transmission in auto- 
nomic ganglia (i, 2), it has been widely used as a means of assessing vaso- 
motor tone in the human subject. Simultaneous measurements of arterial 
pressure and of blood flow in the extremities or in the kidneys have made possible 
an estimate of vasomotor tone in these vascular areas in normal and diseased subjects 
(3, 4); attempts have also been made to estimate the degree of vasomotor tone m 
hypertension in terms of the depressor response to the drug (5, 6). 

Although the term Vasomotor tone’ may be interpreted to mean neurogenic 
constrictor tone to both arteries and veins, it is often used to signify only arteriolar 
vasoconstrictor tone, and therefore the neurogenic component of peripheral resist- 
ance. Except for regulation of blood flow to various organs for specific purposes 
(as, for example, to the skin for regulation of heat dissipation), cardiovascular reflexes 
are primarily adapted for the maintenance of arterial pressure. It is probable that 
when the so-called vasomotor center is called upon to prevent a fall of arterial pres- 
sure, all available pressor mechanisms are utilized. These mechanisms, in addition 
to arteriolar constriction, are cardioacceleration, probably also inotropic cardiac 
stimulation, and venous constriction; the three last devices, of course, can affect 
arterial pressure by increasing cardiac output. The integrated action of all accom- 
plishes the desired object: maintenance of arterial pressure. 

TEA should be capable of interrupting all autonomic influences on the cardiovas- 
cular system; cardioaccelerator and cardiodecelerator, vasoconstrictor and vaso- 
dilator, and venomotor. Although the response to this agent would, at first thought, 
appear to be too complex, it has nevertheless proved useful as a tool in the study of 
circulatory reflexes. 

In the experiments described below, TEA has been used to measure reflex 
alterations of vasomotor tone induced by various procedures in anesthetized dogs. 

METHODS 

Dogs of both sexes, ranging in weight from 6 to 24.5 kg., were prepared under 
chloralose or thiopental-barbital anesthesia. Arterial pressure was recorded with 
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a mercury manometer. Femoral and renal arterial flow were recorded in certain 
experiments by means of a differential manometer (7). In the femoral artery the 
pressure decrement across a stainless steel cannula both ends of which were inserted 
into the arter}"- was measured by means of a rubber membrane manometer, each side 
of the manometer capsule being attached to one of the side-tubes of the cannula. 
For convenience in the registration of renal blood flow, the left renal artery was con- 
nected to the left common carotid artery b}'- siliconed cannulas and plastic tubing; 
the resistance unit of the differential manometer was inserted in the perfusion line. 
Coagulation was prevented by continuous infusion of heparin. Cardiac output was 
measured in open-chest dogs by means of a Henderson cardiometer and a spirome- 
ter-type volume recorder. In these experiments right auricular pressure was re- 
corded with a water manometer. 

Changes in vasomotor activity were induced by carotid occlusion, vagal section, 
carotid denervation, carotid sinus nerv^e stimulation, injection of pressor and de- 
pressor drugs, hemorrhage, plethora, and asphj'xia. Tetraethylammonium chloride 
was injected either in single doses during the sustained application of one of the above 
stimuli, or given by continuous infusion followed by the brief application of the vari- 
ous procedures. When TE.A. was given by injection, doses were used which produced 
maximal depressor responses during control periods; when given by continuous in- 
fusion, it was given at a rate double that shown to prevent completely the pressor 
response to carotid occlusion. In most experiments a primar}’’ dose of 5 mg/kg. 
followed by infusion of 12 mg/kg/hr. prevented carotid pressor reflexes; an infusion 
rate of 20 to 30 mg/kg/hr. was then used for subsequent procedures. Asphyxia was 
produced in various experiments by respiration of a mixture of 90 per cent N2, 5 
per cent O2, and 5 per cent CO2. 


RESULTS 

Cardiac Outptil. Although TEA produces vasodilatation in the femoral bed 
of the anesthetized dog (i), it also exerts a positive inotropic action on the heart in 
sufficiently high concentration, and it w’as not known to what extent cardiac output 
changes might contribute to or modify the action of the drug on arterial pressure. 
To determine the relative importance of this factor, cardiac output was measured 
by the oncometer method in 9 experiments (table i). 

In dogs under barbiturate anesthesia, TEA produced a decrease of arterial pres- 
sure and heart rate. Maximum responses were obtained with doses of 2 to 4 mg/kg. 
Cardiac output was never significantly diminished in spite of the decreased heart rate. 
In a few cases moderate increases occurred, but in general the change of arterial 
pressure reflected adequately the change of peripheral resistance. Venous pressure 
was not altered significantly. 

In animals under morphine-chloralose anesthesia the cardiac output effects of 
TEA were much greater. Since vagal tone is high with this anesthetic combination, 
the initial heart rate of such animals w^as lower, and TEA produced cardio-accelera- 
tion and a parallel increase of cardiac output. The increased cardiac output was 
accompanied by a fall of venous pressure, and was therefore considered to follow 
release of the heart from vagal inhibition, rather than contraction of veins or a pri- 
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mary increase of venous return. Arterial pressure fell, but the decrease of peripheral 
resistance was much greater than the change predicted by the fall of pressure alone. 
In all subsequent experiments the animals were anesthetized with thiopental and 
barbital. The arterial pressure responses to TEA may then be considered to repre- 
sent chiefly changes of peripheral resistance and hence of vasomotor tone. 

It is of interest that in animals vmder barbiturate anesthesia, heart rate decreased 
to 112 or less, while in animals under chloralose, heart rate increased to levels of 132 
to 150 in response to TEA, although in both cases the heart must have been function- 
ally denervated. It is m6re than Ukely that the level of circulating epinephrine is 
high with the morphine-chloralose combination; a single dose of TEA, by inter- 
rupting vagal impulses, would expose the heart to the circulating epinephrine, while 
continuous infusion, by interrupting the further secretion of epinephrine, would 
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^ Roughly estimated as the ratio of pressure in mm. Hg to cardiac output in cc/min. 


probably have resulted in a gradual decline of heart rate to levels comparable with 
those in barbitalized animals. 

Buffet Reflexes. After determining the dose of TEA causing a maximal de- 
pressor response, both carotid arteries were clamped. Pressure increased by 20 to 
90 mm. Hg in various experiments (‘neurogenic’ hypertension). The test dose of 
TEA was then repeated. In all cases, pressure fell to nearly the same floor as during 
control period, illustrating that the hypertension was indeed neurogenic (fig- 
EFG). When pressure was elevated to still higher levels by carotid occulsion com- 
bined with bilateral vagal block, or by section of all the buffer nerves, TEA again 
lowered pressure to the original floor. The results suggested that a dose of TEA 
capable of completely blocking a moderate level of sympathetic outflow is also ade- 
quate to block an increased level of sympathetic tone. 

To make certain that changes of cardiac output played no role in this response, 
the procedure w’as repeated in several of the cardiac output e.xperiments. In one 
such experiment TEA during the control period reduced arterial pressure by 28 per 
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cent and total peripheral resistance by 35 per cent, with a 10 per cent increase of 
cardiac output {exp. 7, table i). After bilateral vagotomy and carotid occlusion, 
the same dose of TEA lowered the arterial pressure from its elevated level by 53, and 
decreased peripheral resistance by 49 per cent with an increase of cardiac output of 
9 per cent. Similar results were obtained in other experiments. Again the change 
of pressure induced by TEA reflected with acceptable accuracy the change of pe- 
ripheral resistance. In contrast to the recent results of Charlier (8), carotid occulsion 
caused little or no alteration of cardiac output. 

As expected, continuous infusion of TEA completely blocked the reflex response 
to carotid clamping. Depression of the response was significant at an infusion rate 
of s mg/kg/hr., and maximal at 15 mg/kg/hr. At this infusion rate, carotid oc- 
clusion raised the pressure no more than clamping of the two femoral arteries. 


Fig. I. Segments A, B, E, 
F, G, H, and I: dog, 24.5 kg., 
anesthetized with thiopental and 
barbital; segments C and D, dog, 
16.2 kg., thiopental and barbital. 
A and B, responses to maximally 
depressor dose of TEA. (20 mg.) 
before and during infusion of 
glyceryl trinitrate, 3 gamma/kg/ 
min. C and D, responses to TEA 
(40 mg.) before and during in- 
fusion of angiotonin, 0.7 units/ 
kg/min. E and G, responses to 
TEA before and after occlusion 
(at F) of the carotid arteries. 
H, response to TEA after removal 
of 600 cc. of blood; and I, after 
rapid reinfusion. 


Continuous infusion of TEA also prevented the cardiodecelerator and vasode- 
pressor response to stimulation of Hering’s nerve. In these e.xperiments, maximal 
- stimulation of the carotid nerves before administration of TEA produced moderate 
cardiac slowing, and reduced pressure to exactly the same level as that later produced 
by TEA itself, indicating that strong stimulation of the carotid receptors may com- 
pletely abolish vasomotor tone. 

Veratridine, which initiates reflex bradycardia, inhibition of vasoconstrictor 
tone, and apnea (9), failed to produce any effect upon blood pressure during infusion 
of TEA (10). Since both agents are capable of completely suppressing vasomotor 
activity, the one by ganglionic blockade and the other by reflex inhibition of the cen- 
ters, depressor effects of one must obviously be prevented by the other. TEA, by 
. blocking vagal ganglia, also prevented the reflex bradycardia induced by veratridine. 

; Epinephrine and Angiotonin. It has already been demonstrated that TEA does 
not prevent the vasoconstrictor action of epinephrine; i.e., it is not ‘adrenolytic’ 

I 

I 

I 
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(i). In the present study, epinephrine and angiotonin® were infused at increasing 
rates and the response to TEA determined at intervals. 

Infusion of epinephrine at low rates (0.1-0.25 gamma/kg/min.) induced a slight 
fall of arterial pressure, presumably because of its vasodilator activity in low con- 
centration. Under these circumstances TEA caused a fall of pressure to a floor 
which was lower than normal (fig. 2). Under the vasodilator influence of epi- 
nephrine arterial pressure had been maintained by reflex elevation of vasoconstrictor 
tone. Injection of TEA therefore caused a greater fall of pressure than under con- 
trol conditions, and the decline in the intrinsic (floor) resistance of the vessels was 
unmasked by the injection of the blocking agent. 

Fig. 2. (Leftside) Experiment 4-13-46. 
Dog 9.6 kg., anesthesia, thiopental and 
barbital. Total height of columns, level 
of arterial pressure immediately before in- 
jection of maximally depressor doses of 
TEA; shaded portion of columns, depressor 
response to TEA. First column, control; 
second, during epinephrine infusion at a rate 
of 0.25 gamma/kg/min.; third and fourth 
columns, during infusion of epinephrine at 1.2 
gamma/kg/min.; fourth column, carotids 
clamped. (Right side) Exp. 4-25-46, dog 
24 kg. Dose response curves to epinephrine 
(total dose at bottom) before and during con- 
tinuous infusion of TEA. (20 mg/kg/lu:.). 



, Fig. 3. Experiment 10-21-46, 
dog 9.4 kg. At T, TEA, 2 mg/kg., 
before and during infusion of 
epinephrine, 0.6 gamma/kg/min. 
At NG, 0.03 mg/kg. of glyceryl 
trinitrate. 




CONTROL 



DURING CPINEPHRINE INFUSION 


At higher infusion rates of epinephrine, although arterial pressure still did not 
e.xceed control values, the depressor response to TEA was completely lost (figures 2 
and 3). It is apparent that the animal had compensated for the constrictor action 
of epinephrine by reflex inhibition of vasoconstrictor tone (as well as by cardiode- 
celeration). Compensatory mechanisms are exhausted when vasoconstrictor tone 
has been completely suppressed, and when this happens, TEA, of course, can cause no 
decrease of pressure. Frequently TEA caused a slight increase of pressure in the 
presence of epinephrine, for to whatever extent bradycardia was involved in the 
compensatory mechanism, it too was abolished by TEA (fig. 3). During infusion of 

‘ Generously supplied by the Eli Lilly & Co., Indianapolis, through the courtesy of Dr. K. G. 
Kohlstacdt. 
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epinephrine in dogs under morphine-chloralose anesthesia, in which reflex brady- 
cardia was more prominent, TEA caused a greater increase of pressure. 

During the infusion of epinephrine at rates which completely inhibited vaso- 
constrictor tone carotid occlusion caused a return of vasomotor activity and a fur- 
ther elevation of pressure; TEA again lowered the pressure to the levels existing be- 
fore carotid occlusion (fig. 2). Results with angiotonin were similar, except that low 
infusion rates did not cause vasodilatation (fig. iD). 

Since the chief mechanism available to combat a pressure rise induced by 
epinephrine is reflex inhibition of vasomotor tone, it is evident that infusion of TEA 
will potentiate the pressor affects of small doses of epinephrine. This has already 
been observed (ii, 12). Since the pressure rise begins from the hypotensive level 
established by TEA infusion, the response in mm. Hg and in percentage of the initial 
pressure is considerably enhanced (fig. 2) ; however, the peak levels of pressure reached 
is often not much higher than that in the absence of TEA, and even these moderate 
increases can be accounted for by the removal of vagal cardiac inhibition. By re- 
flex means, sufficiently large doses of epinephrine completely abolish vasoconstrictor 
tone even in the absence of TEA; thus the same level of pressure will be reached as 
when vasomotor tone was zero initially. 

Maximal potentiation of epinephrine occurred at the same infusion rates of 
TEA which completely prevented the pressor effects of carotid clamping. 

Glyceryl Trinilraie. Infusion of this vasodilator agent activates compensatory 
mechanisms, chief among them being increased vasoconstrictor discharge. TEA in- 
jected during infusion of glyceryl trinitrate reduced the pressure to a floor which was 
lower than the control level, for the same reasons indicated above in the discussion 
of low infusion rates of epinephrine (fig. iri, B). Similarly, infusion of TEA, by 
preventing compensatory reflexes, enhanced the depressor action of glyceryl trini- 
trate, 

hemorrhage and Plethora. After withdrawal of small amounts of blood, arterial 
pressure declined briefly and returned to control levels. Injection of TEA, by 
abolishing the reflexly increased vasomotor tone, now reduced the pressure to a floor 
lower than normal just as in the case of infusion of vasodilator agents (fig. 4). After 
hemorrhage, however, the lower level of pressure reached following injection of TEA 
must have been the result of diminished cardiac output rather than reduction of 
intrinsic vascular tone. Withdrawal of more blood caused further reduction of the 
floor level (fig. iH and fig, 4), When hemorrhage was of moderate degree, carotid 
occlusion still caused a rise of pressure, though less than in control periods: vaso- 
motor centers were therefore stiU not discharging at maximal capacity (fig. 4). 
When hemorrhage was continued to a more severe degree, the response to carotid 
occlusion was greatly diminished, and the full vasoconstrictor power available to the 
animal must have been acting in an attempt to maintain arterial pressure (cf, 13). 
TEA given at such a time caused a decline to very low levels, and recovery was 
greatly prolonged. 

In two experiments blood was drawn at regular intervals until arterial pressure 
fell to moderately hypotensive levels, and was then reinjected. The same procedure 
was repeated during continuous infusion of TEA. In the presence of ganglionic 
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blockade each withdrawal of blood caused a greater fall of pressure, with a more pro- 
longed and less complete recovery than during the control period. 

Plethora caused by rapid infusion of heparinized blood raised arterial pressure 
by increasing blood volume and cardiac output. In this circumstance the depressor 
response to TEA was reduced (fig. il and fig. 4) suggesting that reflex withdrawal of 
vasoconstrictor tone had occurred in an effort to prevent the pressure rise. The 
increased floor did not, of course, represent increased intrinsic vascular tone, but 
rather reflected the increased cardiac output and blood volume. 

Blockade of Reflexes as Illuslrated by Blood Flow Studies. Injection of moderate 
doses of epinephrine caused an increase of mean arterial pressure accompanied by 
a great increase of femoral arterial blood flow. Resistance of the femoral vascular 
bed was reduced. During continuous infusion of TEA, epinephrine caused a greater 
pressor response accompanied by a relative reduction of femoral flow; resistance of 
the femoral bed was greatly increased (12). It is apparent that the vasodilatation 


Fig. 4. Expeeiment 4-25-46. Depres- 
sor responses to TEA (black) and pressor 
responses to carotid occlusion (diagonal 
lines). The cross-bar on each column in- 
dicates the pressure just before each maneu- 
ver. D and E, i minute and 50 minutes 
after reinfusion of all the blood prewously 
removed. 



observed in the first instance was reflex in nature; TEA effectively prevented the 
reflex compensatory mechanism. 

In the renal artery, blood flow was diminished by intravenous epinephrine both 
before and after administration of TEA. The lack of a reflex vasodilator response to 
epinephrine in the kidney does not imply a more intense constrictor action in the 
renal as opposed to the femoral circulation, but suggests that in the anesthetized 
dog the renal arteries are subjected to relatively little vasoconstrictor tone and there- 
fore cannot partake in the compensatory vasodilator effort. This is confirmed 
by the response of renal blood flow to TEA alone. During the fall of arterial pres- 
sure induced by maximally depressor doses of TEA, renal blood flow was either un- 
changed or diminished, although femoral flow was considerably increased 

Accompanying the fall of pressure induced by injection of glyceryl trinitrate 
there was, after an initial brief increase, a diminution of femoral blood flow due to 
reflex vasoconstriction which persisted even after blood pressure returned to nor- 
mal. During infusion of TEA, glyceryl trinitrate produced an increased femoral 
blood flow even though arterial pressure fell to lower levels than before (12). 
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Reflex vasoconstriction induced by vasodilator agents also occurred in the kid- 
ney. Injection of histamine caused a fall of arterial pressure accompanied by a. 
decrease of renal blood flow. The diminished renal flow reflected in part the fall of 
perfusion pressure, but since flow recovered less rapidly than pressure, it is obvious 
that the renal vessels were also involved in the reflex vasoconstrictor effort. Thus it 
is seen that the renal vessels respond very little in compensatory mechanisms ex- 
cited by pressor agents, but can partake in the compensation to depressor drugs. 

Asphyxia. Although asphyxia is believed to cause intense activity of the 
sympathico-adrenal system, TEA prevented neither the asphyxial nor the post- 
asphyxial pressure rise (14). No interpretation of this anomalous response can be 
formulated until further studies have been completed. 

DISCUSSION 

These experiments indicate that in animals under barbiturate anesthesia the 
depressor response to TEA provides an adequate estimate of the neurogenic compo- 
nent of peripheral resistance. Procedures expected to increase sympathetic pressor 
outflow (carotid occlusion, section of buffer nerves, hemorrhage, and infusion of vaso- 
dilator drugs) enhanced the relative depressor response to TEA; procedures which 
reduced sympathetic outflow (plethora, infusion of epinephrine) diminished the rela- 
tive depressor response to TEA. Cardiac output changes induced by the drug were 
slight under the conditions of these experiments. In the experiments of Ecken- 
hoff ct al. (15) cardiac output was significantly lower after TEA than in control obser- 
vations. However, approximately an hour had elapsed between control and test 
procedures, and the cardiac output of control animals which had received no TEA 
was also diminished, confirming the report of Shore et al. (16) that cardiac output 
decreases considerably with time in animals under barbital anesthesia. 

It should be recognized that under conditions of severe stress when adequate ar- 
terial pressure is maintained only by nearly maximal discharge of pressor mecha- 
nisms (hemorrhage, nitrite shock), arteriolar dilatation induced by TEA may cause 
a sufficient further pooling of blood to reduce venous return and hence cardiac out- 
put. Reduced cardiac output may account for occasional cases of 'circulatory col- 
lapse’ reported when the drug is administered to patients with severe hypertension 

(17)- 

In hmnan subjects measurements of cardiac output by means of the ballisto- 
cardiograph and the Fick method indicate that TEA usually causes a moderate in- 
crease, rarely a decrease, of cardiac output (5, 18). Asa rule, the depressor response 
to TEA must underestimate the true degree of vasomotor tone. Since in the human 
subject in whom vagal tone is high the heart rate is increased by TEA, these results 
are comparable in direction if not in magnitude with those obtained in dogs under 
chloralose anesthesia in the present study. 

The vasodepressor effects of carotid sinus nerve stimulation were completely 
abolished by TEA. If the depressor reflex involves excitation of vasodilator mecha- 
nisms as well as inhibition of vasoconstrictor tone (19), then it must be concluded that 
the vasodilator paths are also blocked by TEA. However, if vasodilator discharge is 
of importance in the carotid reflex, maximal stimulation of the carotid sinus nerves 
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■should reduce arterial pressure more than does TEA itself. This was not found to 
occur. Furthermore, if vasodilator mechanisms take part in regulation of arterial 
pressure, they should be invoked as part of the compensatory effort aroused by in- 
fusion of epinephrine. That is, reflex inhibition of vasoconstrictor tone and reflex 
increase of vasodilator tone should both occur. If this be true, TEA should produce 
an increase of arterial pressure of considerable magnitude during infusion of epi- 
nephrine. The observed pressor responses to TEA were slight, and could be ade- 
quately accounted for by cardioacceleration (blockade of reflex vagal effects). The 
failure of TEA to provoke more than a slight elevation of pressure during infusion 
of epinephrine indicates either that activation of vasodilator mechanisms does not 
occur as part of the compensatory effort, or that whatever vasodilator paths are in- 
volved cannot be blocked by TEA (as would be true if such paths were non-ganglio- 
nated) . It has frequently been suggested that vasodilator pathways leave the spinal 
cord through the dorsal roots. Such unique channels might not be interrupted by 
ganglionic blocking agents. However, Bernthal el al. (20) have demonstrated that 
extensive sympathectomy completel}’’ prevents carotid body vasomotor reflexes. 
Their evidence supports the conclusion that barostatic reflexes are mediated chiefly 
if not entirely by modulation of vasoconstrictor activity (including, of course, veno- 
motor mechanisms). 

Reactions of the renal and femoral vascular areas to epinephrine, vasodilator 
drugs, and TEA show, at least in the dog under barbital anesthesia, that vasomotor 
tone is relatively low in the kidneys, and high in somatic areas. Compensatory 
vasodilatation in response to pressor agents can occur only in areas which are initially 
subject to vasoconstrictor tone; i.e., femoral and presumably other somatic vessels. 
Compensatory vasoconstriction can and doubtless does involve both somatic and 
visceral vascular beds. The evidence available shows that human buffer mechanisms 
may to some extent resemble those in the dog. TEA causes little change of renal 
blood flow, but usually a well-marked increase of flow in the hands and feet. Gly- 
ceryl trinitrate and other agents which relax smooth muscle may lower pressure, but 
rarely increase blood flow in the extremities; the direct action of the drug is overcome 
by reflex constriction. For this reason only agents which block vasoconstrictor 
pathways at some point may be expected to cause useful hyperemia of the extremi- 
ties. 


SUinURY 

The depressor action of TEA in barbitalized dogs is due to reduction of peripheral 
resistance. In dogs under chloralose the reduction of peripheral resistance may be 
masked in part by increased cardiac output. The response to TEA may be used to 
estimate the degree of vasoconstrictor tone existing during various experimental con- 
ditions; for example, during neurogenic hypertension, infusion of pressor or depressor 
drugs, hemorrhage, and plethora. By interrupting compensatory reflexes, TEA po- 
tentiates pressor and depressor drugs. By interrupting the efferent pathways, 
TEA prevents the cardiovascular effects of veratridine. Injection of histamine in- 
duces compensatory vasoconstriction in both the femoral and renal vascular beds; 
epinephrine induces compensatory vasodilatation in the femoral but not the renal 
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circulation. The compensatory effort induced by injection of pressor drugs appears 
to be accomplished mainly by inhibition of vasoconstrictor discharge; increased vaso- 
dilator activity could not be demonstrated. 
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HEMODYNAMICS OF AORTIC OCCLUSION^ 
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A S EARLY as 1886, de Jager (i) found that occlusion of the aorta directly 
j \ above the diaphragm causes a considerable increase in the carotid pres- 
L jL sure. Later, other authors observed blood pressure rises after clamping 
of large arteries and, more recently, blood pressure changes after aortic clamping 
were studied by Barcroft (2), by Brotchner (3) and by Hamilton and Remington (4). 
Most of the authors mentioned recognized the blood pressure rise as a hemodynamic 
phenomenon which is independent of any of the neural (1-3) or humoral (3) mech- 
anisms which regulate the blood pressure. Barcroft made the surprising observation 
that occlusion of the aorta results in an increase of the cardiac output. In the 
present study some of these experiments have been repeated and expanded, and 
an attempt has been made to devise a model of the circulation which accounts for 
the mechanisms producing the phenomena observed. 

METHODS 

Since a study of hemodynamic phenomena was contemplated, all experiments 
were carried out on vagotomized animals in deep Nembutal narcosis, in order to 
depress the circulatory reflexes as much as possible without reducing the circulation 
to a shock level. Blood pressure was recorded with a mercury manometer con- 
nected with one of the carotids. The aorta was occluded by a loop of thick cotton 
string placed around this vessel between the diaphragm and the celiac artery. In 
some experiments the same procedure was used for the occlusion of aortic branches. 
Cats were used in all experiments. 


RESULTS 

Figure i, I shows the blood pressure changes in a deeply narcotized and vagoto- 
mized animal when the aorta is clamped directly under the diaphragm. The general 
course of the pressure rise is asymptotic. The presence of the neural regulating 
mechanisms of heart and vessels can disturb this course as shown in figure i, II. 
In this preparation the vagus nerves were not severed. The heart rate was 164 
before clamping the aorta. Due to the depressor and carotid sinus reflexes the rate 
dropped during the pressure rise to 148, to increase again after release of the clamp 
to 169. The record shows that the blood pressure, after reaching a maximum, 
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started to fall even though the clamp on the aorta was left in place. After release 
of the clamp the pressure dropped considerabl)’- below the original level to recover 
only slowly. In preparations in which narcosis was light these features were even 
more pronounced. Indications of tliese deviations from the asymptotic curve are 
occasional!}^ seen in narcotized and vagotomized preparations and are probably 
due to residuals of the regulatory activity transmitted through the undisturbed 
part of the autonomic system. In preparations not showing this activity, the in- 
creased blood pressure is maintained during occlusion of the aorta for 5 to 10 min- 
utes; when the clamp is tlien removed, the pressure drops asymptotically. The 
occlusion of smaller arteries has a similar but smaller effect on the blood pressure as 
clamping the aorta. This effect is cumulative as is shown in figure i, HI in which 
successively the celiac and the superior mesenteric arteries were clamped. 

1 - 

Fig. I. Effect of aortic occlusion in a vagotomized and deeply narcotized preparation (I). 
The same in a preparation with intact vagi (H). Occlusion, first of the celiac then of the superior 
mesenteric artery, followed by a release of both arteries together (HI). In this and in fig. 2 and 3 
an arrow pointing down indicates occlusion, one pointing up release of the vessel. Calibration is 
from 9 to 16 cm. in I, from 7 to 14 cm. in 11 and from 8 to 14 cm. in HI. Time in sec. 

■-1 

i,'' ' ■ . 


Fig. 2. Effect of position of the preparation on the blood pressure reaction due to aortic 
occlusion. I, the animal is in the horizontal position; II, tilted with the head up, and m, tilted 
with the head down. Calibration from 8 to 18 cm. Time in sec. 

In support of de Jager’s, Barcroft’s, and Brotchner’s concept of the effect of ar- 
terial occlusion as a hemodynamic, rather than a reflex phenomenon, it was found 
that destruction of the spinal cord, or asphyxiation for 20 minutes of the entire cen- 
tral nervous system by raising the intradural pressure above the arterial pressure 
(5), did not abolish the reaction on aortic occlusion, even though these procedures 
reduced the blood pressure to a few cm. Hg. Also the injection of nicotine in doses 
large enough to stop conduction in the S}'TOpathetic ganglia (100-200 mg/kg. body- 
weight) had little effect on this phenomenon. 

De Jager first came to the conclusion that after clamping the aorta blood flows 
cephalic from the occluded area. The importance of this flow for the blood pressure 
rise after clamping' can be demonstrated in the following way. Tilting the animal 
with the head down will facilitate the flow of blood out of the inferior vena cava 
region, tilting with the head up will hamper that transport. Figure 2 shows that 
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the blood pressure response on clamping the aorta is indeed modified by tilting the 
animal. The response with the head up is smaller, with the head down larger than 
the response in the level animal. Another way of showing the importance of the 
transport out of the inferior vena cava region for the blood pressure response is 
shown in figure 3. The first pressure changes in this figure (I and II) are the usual 
effects of clamping and releasing the aorta. At III (fig. 3) the vena cava is occluded 
directly under the diaphragnr. This causes a drop in blood pressure which is due, 
as recognized by de Jager, to a loss of blood through the aorta into the lower part of 
the animal. A few seconds later (IV) the aorta is clamped causing only a small rise 
of the blood pressure. After release of the vena cava (V), however, a blood pressure 
rise develops which resembles the increase of figure 3, I in which the aorta was 







tunx..i 


r 



.. ' U il 


Eig. 3. Effects of clamping the aorta and interior vena cava. I and 11 , aortic occlusion 
and release; HI, clamping of the vena cava; IV, aortic occlusion; V, release of the vena cava; VI, 
release of the aorta. Calibration from 7 to 16 cm. Time in seconds. 



Fig. 4. Effect of removal and injection of blood. At each of the arrows pointing down, 
10 cc. blood is removed, at each of the arrows pointing up 10 cc. blood is reinjected. Calibration 
from 3 to 17 cm. The block indicates 10 seconds. 


clamped while the vena cava was patent. The force which moves the blood out of 
the arteries and veins of the occluded area is the elasticity of the vessels. As long 
as the blood flow is unimpaired the vessels are extended by the pressures which cause 
this flow. After clamping the aorta the pressures in the occluded area become equal 
to that in the right atrimn, causing a retraction of the vessels, which force their 
contents into the cephalic part of the circulation. 

The filling of the circulatory system was found to affect the blood pressure mark- 
edly in deeply narcotized and vagotomized preparations. Figure 4 shows an e.x- 
periment in which 10 cc. blood is withdrawn 3 times from the circulation in such a 
preparation. Each time this causes a permanent drop in the pressure. When the 
blood is injected again 10 cc. at the time, the pressure returns to the original level 
in three steps. In more reactive preparations the circulatory reflexes compensate 
for the effects of such relatively small changes in blood volume. 
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A MODEL OF THE CIRCULATION 

A model including the pertinent features of the circulation is schematized in 
figure 5. It is assumed that the pump lias that characteristic of the heart which 
makes the stroke volume dependent on the amount of fluid flowing into the pump 
between two strokes (Starling’s law). The connections between the out- and inlet 
side of the pump consist of rigid tubing, and the elastic properties of the vascular 
system on the arterial and venous side are represented by the capacitors Ci and C2. 
The peripheral resistance (arterioles and capillaries) is represented by the resistance 
to flow, R. The resistance r represents certain properties of the pump and also 
indudes the resistance in the venous sj'stem. 

The steady state relations among the pressures on the outlet and inlet side and 
the flow in the system on the one hand, and the various parameters of the circuit 
on the other can be found as follows. The difference between the environmental 
pressure and the pressure at the outlet side is designated as Pi, the pressure between 
the former and the pressure in the region of the sj'^stem between the resistors R and 


Fig. 5. Circulatory model (for explanation sec text) 
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r, as P2. The pressure drop for viscous flow through the resistor R, assuming tliat 
its properties are independent of pressure,^ will be proportional to the rate of flow, I 

Pi - r. = I R (t) 

where R includes the viscosity of the fluid. 

The pump is considered as operating at constant stroke frequency, with con- 
nection alternately to the input and output sides. In filling it will operate as an 
elastic vessel, expanding to a volume which is proportional to the input pressure. 
Thus the mean rate of flow through the pump will be proportional to the input pres- 
sure® 

I = ?=//■ (2) 

All additional parameters limiting the flow into the pump are lumped in the con- 
stant r, including input resistance, inertia, the time restriction of filling according 

* In reality the pressure-flow relation is not linear (6, 7). However in the normal pressure 
region the deviation from linenr relationship is negligible. 

® It follows from the work of Patterson, Piper and Starling (8) tliat an increase of the heart 
output at constant arterial pressure is coupled with a dflatation of the heart and an increase in 
venous pressure, which is necessary to increase tlie stroke volume and also to dilate the heart. Since 
both of these factors causing the increase in venous pressure will be approximately proportional to 
flow, equation (2) will describe these conditions adequately. It follows further from Patterson, 
Piper and Starling’s work tliat an increase of the arterial pressure at constant heart output is also 
coupled witli heart dilatation and increased venous pressure. This effect of arterial on venous 
pressure is not represented in (2). This is probably permissible with a heart in good condition 
(no large systolic residue) ; in a failing heart, however, this simplification may become increasingly 
serious. 
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to the length of the pump cycle, etc. It will be assumed that r is constant for a 
given stroke frequency. 

As the pressure is increased on the inlet or outlet side the capacitors will contain 
correspondingly larger volumes of fluid. It will be assumed that V, the increase in 
fluid volume in a capacitor is directly proportional to the gauge pressure,® such 
that for the output and input capacitors 

V, = C, P, 0 ) 

V. = Cj Pj 

where Ci and Ca are constants of capacitance for the capacitors (volume increase 
per unit change of pressure). For a constant total volume of fluid in the system the 
sum of Vi and V2, which represents the volume of fluid transferable from one capaci- 
tor to the other, must also be constant 



Vi -b V- = V 

(^) 

Eliminating I between (r) and (2) 

(Pi - P2)/R = P./r 

( 5 ) 

Substituting (j) in {/() 

C, Pi -b C: P» = V 


Eliminating P* between (5) and (d) yields for the pressure on the outlet side 



V(R -b r) 

‘ C,R -b (C, -b C:)r 

(7) 

Elimination of Pi between (5) and (d) gives for the pressure on tlie inlet side 



p. - 

Cl R -b (Cl -b C:)r 

(^) 

From (2) 

CiR -b (Cl -b C:)r 

(P) 


Some consequences are immediately obvious. Both pressures at outlet (ar- 
terial) and inlet (venous) side as well as flow (minute volume of the heart) increase 
with the volume of circulatmg fluid. An increase in peripheral resistance (R) re- 
duces pressure on the inlet side and flow but increases the pressure on the outlet 
side. However, since R is present in the numerator as well as in the denominator 
of (7), whereas it is present only in the denominator of (<?) and (p), it has to be ex- 
pected that the relative effect of a change in R is considerably less on the pressure 
at the outlet side than on the flow and on the pressure at the inlet side. This is because 
an increase in peripheral resistance depresses the flow in the system and thus counter- 
acts the effect of the higher resistance on the pressure at the outlet side. Increase 
of Cl and C2 individually or together will result in a decrease of the pressure both at 

® We are not aware of studies in wliich tlie filling of a vascular area is related to the pressures 
prevailing in its parts (arteries, arterioles, capillaries and veins) under normal conditions. The 
pressure-volume relation in the aorta (7), however, is almost linear. In the vena cava inferior this 
relation dewates from linearity especially in the region of the lowest pressures. 
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the outlet and inlet side and of flow. Such a change would be caused by a loss of 
tone in the arterial and venous system of the animal. 

DISCUSSION 

If the equations describing the steady state relations in the model are to repre- 
sent the blood circulation, there must eventually be conformity between the observed 
circulatory phenomena in the animal experiments and the predictions which can be 
made from the equations after the introduction of appropriate parameters to make 
them fit individual conditions. 

Marked and permanent decreases and increases of the arterial pressure were 
observed after removal of blood from, or injection of fluid into the circulatory system 
of the cat. Since such changes in V are directly proportional to the arterial pressure 
(7) this is in agreement with the predictions made on the basis of a study of the circu- 
latory model. 

In the model the constant of capacitance is independent of the peripheral re- 
sistance (R). In the animal experiment clamping the aorta not only increases the 
peripheral resistance, but also eliminates part of the arterial and venous capacitors. 
This is obvious for the arterial capacitor but since the vena cava is in wide connection 
with the right atrium where the pressure is low, the venous capacitor in the caudal 
part of the body is functionally eliminated even if the vena cava inferior is not ac- 
tually clamped. If large branches of the systemic arterial tree are clamped, it is 
reasonable to assume that the changes in the arterial and venous capacitances are 
inversely proportional to R, since the capacitors are formed by the vessels themselves 
and the larger the part of the vascular system which is occluded the greater its 

capacitance, and also the greater its conductance . The constants of capaci- 
tance for the arterial and venous systems therefore can be written under those 
c' C« 

circumstances as ^ and ^ . Substituting this in (7), (S) and (p) gives: 


Pi = 


Pj = 


I = 


RV(R -h r) 

(10) 

C,'R + (C,' -h COr 

RVr 

(ii) 

C,'R + (C,' -f CoOr 

RV 

(12) 

Ci'R + (Cj + Cpr 


There is evidence that after clamping the aorta the arterial and venous capacitors 
in the caudal part of the animal empty into the right atrium where the average pres- 
sure is near zero. The fraction of V situated in the caudal part of the preparation 
thus is shifted into the remaining part of the circulation and the transferable amount 
of blood (V) in the reduced arterial and venous capacitors is the same as that in the 
larger capacitors before aortic clamping. Since after establishment of the new 
equilibriiun following aortic clamping, V remains practically unchanged and R is 
greatly enlarged, an increase can be expected of the arterial and venous pressure and 
of the blood flow in the cephalic part of the circulation. As R appears in the nu- 
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merator and in the denominator of (ir) and (za), the effect on P2 and I will be small 
as compared with the change of R. However, since the change in R due to aortic 
clamping is so large, an easily measurable increase in the venous pressure and in the 
blood flow can be predicted. In (70) R appears to the second power in the numera- 
tor and only to the first in the denominator and thus a relatively greater effect on 
the arterial pressure is to be expected. It seems surprising that occlusion of a large 
part of the circulation would increase the flow through the heart. However, tliis 
paradoxical effect of aortic clamping has been observed. Barcroft found that 
occlusion of the aorta directly under the diaphragm in vagotomized preparations 
caused regularly an increase of the heart output up to 53 per cent (the average 
increase in 21 experiments was 25 per cent). The same phenomenon was observed 
in more than half of 26 preparations in which all reflex activity was prevented by 
asphyxial destruction of the brain, thus showing it to be of hemodynamic origin. 
In the rest of these 26 preparations aortic occlusion caused either no change of the 
heart output or a slight decrease. It has been remarked above, that the use of 
equation (2) is probably only justified when the heart is in good condition. The low 
arterial pressure produced by destruction of the brain may well have an averse 
effect on the oxygenation of heart, and this may explain the variability of the effect 
of aortic occlusion in such preparations. 

Barcroft as well as Hamilton and Remington (4) found, that in preparations 
with intact vagus nerves, aortic occlusion often "fails to cause an increase in heart 
output. This is probably due to the activity of the circulatory reflexes, since in 
the data of Hamilton and Remington the preparation showing the greater reduction 
of the heart output during occlusion, also showed the greater decrease of the heart 
rate in this period. 

De Jager observed during aortic occlusion the expected increase in the (jug^" 
lar) venous pressure. 

The relation between the change in R and the change in arterial and venous 
capacitances due to vascular occlusion will differ for the various circulatory areas. 
In the splanchnic region, for instance, with its very large venous capacitor the de- 
crease in capacitance of the venous system caused by clamping the celiac and mesen- 

teric arteries will undoubtedly be larger than indicated by the relation ^ ; in the 


renal circulation which has only a limited capacitance the decrease in the capaci- 
tances of the arterial and venous sj’^stem will probably be smaller than indicated by 
that relation. The increase in blood flow will therefore in the first instance be 
larger than indicated by (72); in the case of the renal circulation the increase in 
flow will be smaller than would follow from that equation, or flow might even be 
decreased as compared with that before clamping. In clamping a very large part 
of the circulation including many vascular areas (as in aortic occlusion), it is more 
likely that the changes in the capacitances and the change in R indeed approach 
inverse proportionality. 

In the experiment in which the aorta was clamped while the vena cava inferior 
was occluded, the transport of blood from the caudal part of the animal was pre- 
vented. The amount of transferable blood (V) in the reduced circulation thus is 
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smaller than in the larger circulation before aortic clamping. The reduced blood 
volume will be roughly inversely proportional to R, if we assume that the amount 
of blood in a vascular area is proportional to its size and thus to its conductivity 

. V 

1 — 1 . The transferable volume thus can be written as — . The equations (n), 


The transferable volume thus can be written as 


{12) and (13) then revert to (7), (<?) and (p). It would follow from the latter that a 
rise in arterial pressure is to be expected, which is small with respect to the change in 
peripheral resistance and relatively larger drops in venous pressure and flow. These 
predicted changes in arterial pressure and flow have been observed by Barcroft (2). 
Also in the present e.xperiments the pressure rise due to aortic clamping was greatly 
reduced by occlusion of the vena cava inferior (fig. 3). A complication not consid- 
ered until now is present in the capacitors formed by the vessels of the lung circula- 
tion and also by the heart. These capacitors are small as compared with the large 
arterial and venous capacitors of the systemic circulation, and their neglect when 
•considering the normal circulation seems justified. However in a reduced circula- 
tion as after occlusion of the aorta and vena cava inferior it is advisable to take their 


effect into account. The reduction of the heart output due to the clamping of these 
two vessels observ’’ed by Barcroft, may result in an empt3dng of the lung and heart 
capacitors into the reduced systemic circulation, increasing its blood volume and 
thus causing a larger rise in arterial pressure and a smaller decrease of venous pres- 
sure and of flow than would follow from the equations (7), (6*) and (p). Barcroft 
believed this transfer of blood from the lung circulation and also from the heart into 
the reduced systemic circulation to be the sole cause of the rise in arterial pressure 
after simultaneous occlusion of aorta and vena cava inferior. However, it follows 
from (7) that even without these capacitors a small rise in arterial pressure is to be 
expected. 

It has been possible to e.xplain with the equations (7), {S) and (p) and a few 
reasonable assumptions, a number of observations on the blood circulation and it 
therefore seems allowable to consider these equations as a first approximation of a 
mathematical description of the circulation. It is by changing the values of the 
various parameters that the circulatory reflexes regulate the circulation. For , 
instance, the main effect of an arteriolar contraction is an increase of the peripheral 
resistance, but this will also affect the capacitance of the system. Increase in tone 
of arteries and veins affects mainly the constants of capacitance, although the periph- 
eral resistance also may undergo changes. Changes in heart rate will affect r. 

A marked slowing of the rate will increase r, as the pericardiinn in the intact animal 
limits the increase in filling compensating for the decreased heart rate (4). 

From equations (7), ( 5 ) and (p) the conclusion can be drawn that the arterial 
and venous pressure and the blood flow are equally good indicators for changes in 
the blood volume filling the capacitors, and for changes in the constants of capaci- 
tance of the latter, since there exist relatively simple direct and inverse relations 
among these parameters. For the same reason the venous pressure and the flow are 
good indicators for changes in peripheral resistance. The great difference between 
arterial and venous pressure shows that the peripheral resistance (R) is large with 
respect to r (see equations i and 2), and it follows from (7) in vdiich R is present 
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in both numerator and denominator, that under such circumstances changes in the 
peripheral resistance can have only a relatively small effect on the arterial pressure. 
Peripheral resistance therefore should be regarded as a regulator of blood flow 
rather than as a primary determinant of blood pressure. These conclusions make 
it highly unlikely that the considerable changes in systemic arterial pressure due to 
activity of the regulatory mechanisms of the circulation are primarily attributable 
to changes in the peripheral resistance as is usually assumed. Pideed, besides 
changes in R, changes in' other parameters much more directly related to the ar- 
terial pressure are involved in vascular reactions. For instance a generalized sympa- 
thetic activity or a release of adrenalin may cause besides j) contraction of the ar- 
terioles, mainly increasing R; 2) contraction of the spleen, increasing V; j) increase 
of tone in the arteries and veins, decreasing the values of Cj but probably even more 
of C2; 4 ) increase of the heart rate which will usually result in a decrease of r. The 
first 3 of these factors tend to increase the systemic arterial pressure (%). The 
changes in V, Ci, Cj and r tend also to increase the flow in the system but the change 
in R has an opposite effect. Depending on the numerical values of the parameters 
involved, an adrenalin injection therefore may or may not increase the total blood 
flow. It is of interest to note in this respect that Tigerstedt (9) observed during 
stimulation of the splanchnic nerve, which produces most of the changes mentioned 
above, an increase of the total flow in the systemic circulation. 

SUMilARY 

A model of the blood circulation was proposed and conclusions drawn from its 
mathematical description were found to be in agreement with observed effects of 
aortic occlusion. The relations among arterial and venous pressure and heart 
output on the one hand and blood volume, peripheral resistance, constants of capaci- 
tance of the arterial and venous system and the factor limiting the flow into the 
heart on the other follow from the description of the model. The conclusion is 
drawn that peripheral resistance is to be considered mainly as a regulator of blood 
flow rather then as a primary determinant of arterial blood pressure. 
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LITHIUM: ITS EFFECT ON HUMAN SPERAlATOm^^AOi 
TESTICULAR TISSUE AND UPON RATS IN Vivd'^'"" - 


JOHN MacLeod*, ROY C. SWAN and GERARD A. AITKEN, JR.^ 
Frojw the Departments of Anatomy and Medicine, Cornell University Medical College 

NEW YORK CITY 


D uring an investigation of phosphatase activity in human spermatozoa (i), 
we discovered, quite accidentally, that the lithium ion, in relatively low 
concentration, has an inhibiting effect on the metabolism and mothity of 
human spermatozoa (2). The results to be reported here indicate that lithium is 
worthy of more intensive study, particularly in view of its recent prominence in 
therapeutics and the knowledge that, in certain circumstances, it may be highly toxic 

(3). 

Lithium has received relatively little attention from physiologists and pharmacologists as evi- 
denced by the sparsity of references in the respective fields. The embryological literature, however, 
as reviewed by Needham (4) contains many studies which show that lithium has m^found effects on 
the early embryo, particularly in producing exogastrulation and failure of develop^ jent of the noto- 
chord. The nature of its action remains highly obscure. Indeed, Needham (4) in summarizing his 
review of the effects of lithium states “that up to the present time (1944) a biochemical effect of 
lithium equivalent in magnitude to its morphological effect has been sought for in vain.” 

In the pharmacological field, an experimental study of lithium toxicity in cats (5) showed that 
the chloride (60 mg/kg.) caused extreme muscular weakness, severe gastro-intestinal symptoms and 
death in from 24 hours to 3 days. In the human being (6) a total of 8 gm. of lithium chloride taken 
over a period of 28 hours produced marked muscular and general prostration, vertigo and eye and 
ear symptoms over a period of several days but no gastro-intestinal symptoms. Its absorption and 
excretion in the human subject has been studied (7) and while no toxic effects were reported, it was 
shown that soluble Li+ salts added to a diet are readily absorbed and quantitatively excreted in the 
urine. It is not absorbed well from a natural diet. 

More recently, a commercial preparation* containing 25 per cent LiCl has been used widely as 

Received for publication February 28, 1949. 

* This work was done under a research grant from Mr. C. V. Whitney. 

* Present address: Brooklyn Hospital, Brookljm, N. Y. 

* This product has since been withdrawn from the market. 
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a salt substitute in low sodium diets. A report (3) in publication indicates that, in certain circum- 
stances, LiCl produces hyperirritability and pronounced muscular weakness. One death has been 
attributed to its use, the patient in question exhibiting the above symptoms prior to coma and death. 

There are few references to the effect of lithium on tissue metabolism. The studies on embryos 
(4) were concentrated on respiratory metabolism with no definite results reported. The growth of 
yeast and yeast fermentation (8) are not appreciably affected by the ion though other ions in the same 
series (K, Cs, Rb) exert a considerable stimulating effect on yeast growth. Recently, Ponder (9) has 
showm that human red cells are most fragile in LiCl. In the field of tissue metabolism, there are 
references (10) to the effect of various cations on glycolysis and respiration but so far as can be deter- 
mined, no studies on Li+ have been done. 

The following experiments are confined to the effect of Li+ on the metabolic 
and motile behavior of hmnan spermatozoa, its effect on the metabolism of rat testic- 
ular tissue and the acute and chronic effects of subcutaneous injection of LiCl in 
rats. 

inSTHODS 

The aerobic and anaerobic lactic acid production and respiration of the tissues 
were measured by the Warburg technique over a period of several hours, at 38°C. 
by methods already described in detail (ii). It should be emphasized that the 
spermatozoa, in all experiments, were removed from the seminal fluid by centrifu- 
gation and re-suspended in Ringer-glucose-bicarbonate for the glycolysis determina- 
tions and in Ringer-glucose-phosphate for measurement of oxygen consumption. 
The testicular tissue was obtained from rats killed by a blow on the head. Tissue 
aliquots of approximately 150 mg. were weighed on a torsion balance and transferred 
to Warburg manometer vessels containing measured amounts of the various Ringer 
glucose solutions. The lithium (in the form of LiCl) was added to the spermatozoa 
suspension and the testicular tissue from the side-arms of the manometer vessels 
after equilibration at 38°C. with the appropriate gas mixtures and just prior to the 
first (zero time) manometric reading. Manometric lactic acid production was 
checked chemically, in certain experiments, by the Barker and Summerson tech- 
nique (12). 

The in vivo experiments were conducted on mature male rats (average weight 
250 gm.), maintained on the normal laboratory diet. The LiCl was injected sub- 
cutaneously and the rats left under constant observation subsequently. 

EXPEREUENTS 

The spermatozoa were obtained from normal human semen by centrifugation 
and re-suspended in the appropriate Ringer-glucose solutions for measurements of 
oxygen consumption, aerobic and anaerobic glycolysis. The standard ceU sus- 
pension volume used was i cc. per Warburg vessel and the total spermatozoon 
count ranged from 100 to 150 million cells/cc. The motile activity of the cells and 
the percentage of cells active was determined prior to equilibration of the vessels 
with the appropriate gas mixtures. The LiCl was placed in the side-arm of the 
vessels and added to the main vessel containing the cell suspension at the conclusion 
of the gas equilibration and about 5 minutes previous to the zero manometric read- 
ing. Thereafter, readings were taken at 30-minute interx^als and the usual duration 
of each experiment was 3 to 4 hours. Two control suspensions were run in every 
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experiment and motile examinations were made in these and in the experimental 
suspensions at the end of each run. Figure i shows the effects upon the anaerobic 
and aerobic lactic production and motile activity of the cells in the presence of the 
designated molarities of LiCl. 

The curves are representative of both aerobic and anaerobic glycolysis since, 
as shown previously (13), there is virtuall3'- no quantitative difference in the two 
glycolytic mechanisms. The molarities indicated are final molarities in the system. 

It will be seen that the inhibition of glycolysis appears rapidly in each dilution 
used but that in any one concentration, the glycolysis thereafter proceeds steadily 
at a new, lower steady state rather than undergoing increasing inhibition. 

In the highest Li+ concentration indicated (0.02521) the total reduction in lactic 
acid production over the 4-hour period is 40 per cent and this inhibition is remarkably 
constant in any given experiment using the same Li"^ concentration. However, 
two- or three-fold increases in the Li+ concentration above this level do not pro- 
duce progressively greater inhibitions. The highest inhibition attained was 60 
per cent at a concentration of o.iom. However, complete failure of the motile 
activity of the spermatozoa (fig. i) is attained at relatively low concentrations of 
the ion. As would be expected, there is good correlation between the inhibition of 
glycolysis and the failure of motility, though it will be evident that a considerable 
glycolytic acitvity remains when virtually all motile activity has ceased. 

Effect of LiCl on oxygen consumption of spermatozoa. In contrast to the effect 
of lithium on glycolysis, similar concentrations of the ion have no effect on the oxygen 
consumption. In a series of experiments using concentrations of Li+ which would 
depress glycolysis about 50 per cent, no striking effect on O2 consumption could be 
observed. 

Effect on metabolism of rat testicular tissue. Experiments were designed i) 
to determine if similar effects of the ion could be produced in testicular tissue, and 
2) if lithium affected the production of normal spermatozoa in the mature animal. 
For obvious reasons, it is not possible readily to obtain normal human testicular 
tissue. Furthermore, it was not considered advisable to risk human in vivo exper- 
iments. The rat was selected as being the most appropriate experimental animal, 
since breeding experiments can be performed within a short space of time and the 
metabolic activity of the testicular tissue of that animal is known. One of the char- 
acteristics of rat testicular tissue is a considerable production of lactic acid under 
aerobic conditions. 

The effect of lithium on the rat testicular tissue is summarized in table i. The 
concentrations of the ion inhibiting the glycolysis and motility of human spermatozoa 
have no detectable effect on the respiration and anaerobic glycolysis of testicular 
tissue but do have definite stimulating effect on aerobic glycolysis. The experiments 
recorded in the table w'ere measured manometricaUy, but chemical checks on the 
lactic acid production were made in certain experiments to be certain that the extra 
acid produced was lactic acid. Though perfect chemical checks were not obtained, 
it is certain that at least 85 per cent of the extra aerobic acid produced in the pres- 
ence of lithium is lactic acid. These results are in distinct contrast to the inhibit- 
ing effect of the ion on the glycolysis of spermatozoa. 
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Up to isotonic concentrations of lithium only aerobic glycolysis is affected, the 
highest elevation of the latter in this range being about 75 per cent. On the hyper- 
tonic side (o,2m) , the ion begins to produce a slight depression of oxygen consumption, 
though relatively high concentrations inhibit respiration to a considerable degree. 
Anaerobic glycolysis is not affected appreciably in any concentration tested. These 
findings are of more than ordinary interest and will be discussed later. 

Effect of Uthium on rats in vivo. As a further extension of the investigations 
of Li+ on the germinal tissues, LiCl was injected subcutaneously into mature male 
rats to determine i) the acute effects of the ion and 2) if spermatogenesis was af- 


MOTIUTYATA HOURS 
QUALITY %ACTIVE 



Fig, I, Eftect op uxuitm: 
on motility and lactic add produc- 
tion of human spermatozoa. 


Table i, Efpeci of LiCl on metabolism of rat testicular tissue 


MOLARITY or LiCl 

EFFECT ON RESPIRATION 

ErrECT ON ANAEEOBIC 
GLYCOLYSIS 

EFFECT ON AEROBIC 
GLYCOLYSIS, % 

O.OI 

0 

0 

-}-IO 

0.02 

0 

0 

+30 

0.05 

0 

0 

+ 7 S 

0.20 

-10% 

0 

- 1 -I 00 -I 2 S 

0.40 

- 30 % 

0 

+140 

1. 00 

? 

+10% 

-{-200 


fected. The injection dose was selected to correspond on a weight basis with the 
experiments of Good (5) on cats, namely 60 mg/kg. Eight animals were injected, 
2 of which were injected with Li+ as LiCl, 2 as LiCOs, 2 as LiSO.! and 2 controls with 
NaCl, No acute symptoms were noted at this injection level and the dose was 
doubled (120 mg/kg,). The results are shown in table 2, Within 24 hours, rat i 
developed marked hyper-irritability and weakness of the hind legs. It died shortly 
thereafter. Rat 2 developed exactly the same symptoms within 24 hours but did 
not die. Several hours later, the animal showed generalized weakness with loss of 
hyper-irritability and spontaneous movement. It recovered uneventfully. How- 
ever, when this animal was given a dose corresponding to 180 mg/kg., it became 
markedly hyperactive after 22 hours, and developed spontaneous generalized tre- 
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mors. Pronounced weakness of the hind legs developed in 26 hours and respiration 
ceased at 27 hours. Rais 3 and 4 were discarded because the LiCOs was insoluble 
and produced skin ulcerations at the site of injection. 

Rais 5 and 6 showed exactly the same s)miptoms as rats i and 2 and died at 28 
hours. As might be expected the rats injected with NaCl showed no signs of ab- 
normal behavior. Gross inspection of the organs of the experimental animals at 
autopsj'- showed no obvious injury, except that bright, red blood mixed with the 
feces was found in the bowel of ral i. Similarly, microscopic examination of the 
organs of the experimental animals showed no obvious lesions. Admittedly, this 
is a small number of experimental animals, but since all 4 succumbed with the same 
symptoms and since we were more interested in the chronic effects of lithium on the 


Table 2. Effect of lithium on male eats 


ItAT 

ORIGINAI, 

WEIGHT 

AUTOPSY 

WEIGHT 

DOSE OF Li/ 
DAY 

TOTAL DOSE BE- 

FORE AUTOPSY 

TOXIC SIGNS 


gm. 

gm. 

tng. 

mg. 


j 

275 

265 

I 


Anesthetic death 

2 

280 

300 

I 

34 

None 

3 

270 

280 

I 

34 

None 

4 

250 

270 

3 

102 

None 

5 

280 

300 

3 

102 

None 

6 

26s 

270 

3 

102 

None 

7 

21S 

230 

s 

170 

32nd day presenti 

S 

220 

270 

s 

170 

31st day present! 

9 

220 

220 

s 

170 

None 

II 

310 

270 

10 

240 

14th day present* 

12 

290 

250 

10 

240 

1 8th day present* 

■Tj 

320 

310 

15 

120 

7th day present* 

14 

240 


IS 

135 

Died nth day present* 

15 

350 

340 

^5 

105 

Died 8th day 


1 The signs of toxicity were invariably increased reflex excitability followed by paralysis of 
the hind limbs and death. One animal was seen to die with labored respirations of diminishing 
rate. Several of the toxic animals developed profuse nasal discharges and harsh rasping respira- 
tions. 

reproductive system, the acute study was concluded at this point and chronic ex- 
periments begun. 

Table 2 shows the effect of daily injection of subacute doses of LiCl in male rats. 
The daily administration ranged from i to 15 mg. subcutaneously for periods ranging 
up to 34 days. Approximately 14 days after the first injection, the males were 
placed with mature females of known breeding capacity and the mating results noted. 

Up to the 3-mg. daily dose level and a total injection level of 102 mg., no toxic 
symptoms were noted in the animals and each male conceived normal litters with 
2 females. Furthermore, each animal gained weight during the es^ieriment. At 
the 5-mg. daily dose level and a total amount injected of 170 mg., toxic symptoms 
appeared in 2 of the 3 animals tested on the 31st and 32nd days, respectively. The 
animal showing toxic symptoms on the 32nd day conceived 2 normal litters, while 
the other animal exhibiting toxicity failed to impregnate in 2 cases. The 3rd ani- 









i 82 


J. MacLEOD, R. C. swan and G. a. AITKEN, JR. 


Volume 157 


mal of this group did not show toxic symptoms but, on the other hand, failed to 
conceive litters in 2 females. 

At the 10- and 15-mg. daily dose level, every animal developed typical toxic 
symptoms ranging from the Sth to the i8th day, and all lost weight. Two of the 
3 animals on the 15-nig. dose level died on the Sth and nth days respectively. The 
8-day animal did not show any symptoms prior to death. The remaining animal 
of this group started to show symptoms on the 7th day, when a total of 105 mg. had 
been injected. Of the 5 animals in the 10- to 15-mg. dose level group, only i sired 
a normal htter, and this animal failed to do so with another female. But i animal 
(no. 14) died before exposure to the female and another (no. i§) died on the day of 
exposure to the female. The remaining 2 animals of tliis group (ji and 13) prob- 
ably were too weak for copulation and their failure to reproduce can thus be ac- 
counted for. In confirmation of this, the testes of all the rats were sectioned and 
examined for observations of the germinal epithelium. In all cases, the latter ap- 
peared normal with an abundance of mature spermatozoa in the tubules. As in the 
acute experiments, microscopic examination of the other organs disclosed no ob- 
vious lesions. 

DISCUSSION 

From these experiments, it is obvious tliat the lithium ion has effects in vilro 
and in vivo which can be construed as highly toxic. At the present time, it is diffi- 
cult to explain the widely different effects of the ion on the glycolysis of the sper- 
matozoa and upon that of rat testicular tissue. First, it should be emphasized that 
lithium inhibits both the aerobic and anaerobic pathways of the degradation of 
glucose to lactic acid in the spermatozoa, whereas it affects only the aerobic gly- 
colysis in testicular tissue and that in stimulatory fashion instead of inhibitoiy. It 
should be remembered, however, that a suspension of spermatozoa consists of homol- 
ogous cells, whereas testicular tissue is composed of several cell types, the germinal 
epithelium and interstitial tissue being examples of widely different forms so far as 
morphology and function are concerned. Furthermore, we have already demon- 
strated (13) that it is difficult to dissociate the aerobic and anaerobic glycolysis of 
human spermatozoa. There is no evidence that the two pathways can be af- 
fected selectively and no Pasteur effect is apparent in these cells. But there are 
certain analogies between the carbohydrate metabohsm of human spermatozoa and 
of muscle (13) which would indicate that the enzymatic components are probably 
similar if not the same. The effect of certain cations, particularly K+, has been 
demonstrated in brain (10). The aerobic glycolysis of that tissue is raised above the 
anaerobic glycolysis in the presence of excess K+, whereas the anaerobic glycolysis 
is inhibited. These workers did not use lithium and it is not likely that the effects of 
lithium we have found in testicular tissue and in the spermatozoa are analagous. 
In fact, we can state that the K+ concentration in the environment of tlie sperma- 
tozoa can be increased at least one hundred fold without affecting the glycolysis or 
motility'- to any appreciable extent (14). Human spermatozoa are able to withstand 
relatively large changes in their osmotic environment, both on the hypotonic and 
hy'pertonic sides (14). It is therefore more suggestive of a specific ionic effect that 
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the lithium ion, in such low concentrations, can produce the effects described here 
on the spermatozoa. 

In regard to the acute and chronic effects of lithium on nornial rats, muscular 
weakness is one of the striking symptoms. Tliis is true also in human toxicity (3). 
In fact, the symptoms produced in the rat are strikingly similar to those found in the 
human subject whose sodium chloride intake has been replaced by lithium chloride. 
It is significant, perhaps, that if one extrapolates, on a weight-for-weight basis, the 
chronic lithium dosage producing the symptoms in rats to the human being, the 
theoretical intake necessary to produce the human symptoms would be from 1.3 to 
2.3 gm. daily. This corresponds rather closely with the intake in the human cases 
reported. Good (5) has shown in the cat that by far the greatest amount of Li+ 
retained in that animal was to be found in the muscles. Our evidence in the rat 
points definitely to retention of Li, and the most pronounced symptoms produced 
are muscular in nature. If the analogy from the spermatozoa be projected, it would 
not be difficult to assume an effect on carbohydrate metabolism in muscle when a 
critical level of lithium is reached. This would be critical if cardiac muscle were 
affected in similar fashion, since lithium as a salt substitute is likely to be used as a 
salt substitute in many cases of cardiac insufficiency. It is distinctly possible, on 
the other hand, that lithium produces effects on the central nervous system which 
would produce certain of the effects found both in the rat and human subject. 

SUMMARY 

Lithium chloride, in low concentration, inhibits the aerobic and anaerobic gly- 
colysis of human spermatozoa and destroys their motile activity. The lithium ion, 
in contrast, stimulates the aerobic lactic acid production of rat testicular tissue with- 
out affecting the anaerobic glycolysis or the respiration of that tissue. The acute 
and chronic effects of lithium chloride injected subcutaneously into male rats are 
described. It is shown that the symptoms induced in rats are strikingly similar to 
those found in lithium toxicity in the human being. 
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ACETALDEHYDE METABOLISM AND LIVER CHANGES IN 
DOGS MAINTAINED ON A PURIFIED DIET' 
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Medicine 
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T here are present in animal tissues at least four different enzyme systems 
capable of utilizing acetaldehyde as a substrate. These are: i) one or more 
flavo-proteins similar to xanthine-aldehyde oxidase; 2) an aldehyde mutase 
requiring DPN as a hydrogen carrier; 3) animal carboxylase containing diphospho- 
thiamine; and 4) aldolase. All of these could theoretically be involved in the metab- 
olism of acetaldehyde, but previous studies (i) have indicated that the carboxylase 
system does not play a major role in this process. The mutase and oxidase are con- 
centrated in the liver, and the liver is known to be a major site of acetaldehyde 
metabolism (i). Since both of these enzyme systems are dependent upon dietary 
factors, it seemed possible that a study of acetaldehyde metabolism during niacin or 
riboflavin deficiency would aid in assessing the relative importance of each of these 
enzymes in the metabolism of acetaldehyde. 

The experiments herein reported resulted from such an attempted investigation, 
but it soon became evident that the abnormal acetaldehyde metabolism which re- 
sultgCd from the feeding of a purified diet was unrelated to niacin or riboflavin de- 
ficiency. When dogs were fed a purified diet containing adequate niacin and ribo- 
fla in, the rate of disappearance of administered acetaldehyde was slowed. A 
degenerative change in tlie liver, characterized by a loss of cytoplasmic staining 
properties and by a swelling of the liver cords with obliteration of the sinuses, was 
found in those dogs showing an abnormal acetaldehyde disappearance curve. Other 
liver function tests were normal. 


EXPERIMENTAI, 

The basic diet for this study is shown in table i. In some of the experiments 
the tocopherols were omitted without apparent effect. The nicotinic acid-deficient 
diet was prepared by omitting the nicotinic acid. The low protein diet contained 
8 per cent casein and 39 per cent sucrose. The high protein diet contained 35 per 
cent casein and 24 per cent glucose. In one series of experiments an attempt was 
made to inhibit intestinal bacterial synthesis of growtli factors by injecting the B 
vitamins subcutaneously rather than incorporating them in the diet. In this latter 
series the foodstuffs and choline were fed orally while the subcutaneous vitamin mix- 
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ture- administered weekly provided 0.5 mg. each of thiamine, riboflavine and pyri- 
doxine, 2.5 mg. of calcium pantothenate, and 12.5 mg. nicotinamide per kg. body 
weight per week. 

Before young adult dogs were placed on one of these- diets and at arbitrary in- 
tervals during the dietary regime, the acetaldehyde disappearance curve was deter- 
mined. This ‘load test’ was run as follows. A 4 per cent solution of acetaldehyde 
was prepared by diluting 51.3 cc of freshly distilled acetaldehyde to one liter with 
cold 0.8 per cent NaCl. The dog was lightly anesthetized with 0.8 cc/kg. of 3.25 
per cent nembutal intravenously because of the irritation accompanying the acetal- 
dehyde administration. Previous studies hav'e shown no effect of anesthesia on the 
rate of acetaldehyde metabolism. Two cc/kg.® of the 4 per cent acetaldehyde were 
injected intravenously over exactly 3 minutes, and blood samples were removed from 
the jugular vein at exactly 3, 5, 8 and sometimes 12 minutes after completing the 
injection. A i : 10 tungstic acid filtrate was rapidly prepared from each oxalated 
blood sample, and the protein precipitate was removed by centrifuging in a stoppered 
tube in the cold room. Loss of acetaldehyde from the samples by volatization was 
minimized by keeping all tubes stoppered and in an ice bath at all times possible. 


Table i. Composition of synthetic basal diet for acetaldehyde studies 


Casein* 

19 gm.% 

Nicotinic acid 

2.5 

Cod liver oil 

2 

Calcium pantothenate 

0.5 

Cottonseed oil (Wesson) 

... 7 

Riboflavin 

0.4 

Salt mix (Phillips and Hart) .... 

... 4 

Thiamine chloride 


Sucrose 

... 28 

Pjvidoxine hydrochloride 


Glucose 

... 40 



Choline chloride 

... 100 mg.% 



34% mixed tocophcrols’ 

... 10 




^ Vitamin Test, General Biochemicals, Inc. * Distillation Products, Inc. 


The acetaldehyde in the filtrate was distilled and determined by the method of 
Stotz (2). 

Liver total lipid was determined by weighing the chloroform-soluble extractives 
from dried liver. Bromsulfalein excretion (3), prothrombin time (4), and serum 
alkaline phosphatase (5) were determined as indicated. Biopsy or fresh autopsy 
sections of the liver were fixed in 10 per cent formalin for histological study. 

RESULTS 

Figure i shows some typical acetaldehyde disappearance curves. The two lower 
lines represent the range in ‘normal’ dogs (up to 6 mg.% at the 3-minute point), 
while the zone between curves II and III is considered a moderate elevation; blood 
levels above III are clearly abnormal, while those in the region of V and VI are often 
associated with a fatal termination. For convenience in subsequent discussions the 
blood acetaldehyde level at the 3-minute point will be used to indicate the location 
of the acetaldehyde disappearance curve on figure i. 

- Solu-B with added pyridojone, Upjohn Company. 

= Early doses of 3 cc/kg. of 4% acetaldehyde produced a high percentage of fatalities among 
the deficient dogs. 
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Most dogs tested at weekly, bi-weekly, or longer intervals continued to show nor- 
mal acetaldehyde disappearance curves until the first appearance of a delayed metab- 
olism, after which high curves were consistently obtained. Moderately elevated 
blood acetaldehyde levels were not considered significant because of occasional spon- 
taneous fluctuations between the normal and moderately elevated zones. Very rarely 
a dog would show a single high curve, and then spontaneously drop back into the 
normal range. Considerable spontaneous variation was noted from week to week in 
the exact level of the abnormal curves; no particular significance could be attached 
to this type of fluctuation within the abnormal zone. 

Of 46 mongrel adult dogs chosen at random and studied in this investigation, 
the initial acetaldehyde disappearance curve was normal in 35, moderately elevated 
(7-1 1 mg.%) in 8, and definitely high (16-25 mg.%) in 3 dogs. Twenty-seven of 
the normal dogs were maintained on one of the purified diets for at least 8 weeks; 
15 of these eventually developed high curves (16-25 mg.%), 3 were moderately 
elevated (9-1 1 mg.%), and the remaining 9 dogs continued to show normal acetal- 



Fig. I. Typical acetaldehyde disappearance 
CORVES IN DOGS. Two cc/kg. of 4% acetaldehyde were 
injected i.v. over 3 minutes; blood samples were ana- 
lyzed for acetaldehyde 3, 5, and 8 minutes after com- 
pleting the injection. Disappearance curves falling in 
the zone between curves I and n are normal; above 
curve m is clearly abnormal. 


dehyde disappearance curves throughout the dietary regime. Four out of 5 dogs 
starting with moderately elevated levels developed high curves (14-31 mg.%) when 
maintained on a purified diet. One of the dogs starting with a high curve was given 
a variety of dietary factors over a period of 6 months without permanently lowering 
it, and this dog eventually died following a very high blood acetaldehyde (38 mg.%). 

Ten deaths in this series were attributed to the acetaldehyde administration, 
and aU of the deaths followed high acetaldehyde curves (usually 30-40 mg.%). 
Three deaths resulted from respiratory failure while the experiments were being run, 
but this cause of death was eliminated in the others by routinely giving artificial 
respiration to all dogs showing signs of a high curve (slow heart rate and respiratory 
failure). The latter deaths occurred after the blood acetaldehyde had fallen to rea- 
sonably low or negligible levels. Some of the dogs died following the first or second 
high acetaldehyde curve, while others survived repeated high blood acetaldehyde 
levels. 

The basal diet, the nicotinic acid-deficient diet and the subcutaneous vitamin 
regime all gave comparable results in producing an abnormal acetaldehyde metabo- 
lism. Five dogs maintained on the basal diet developed high curves within approx- 
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iniately 12 weeks; 6 other dogs were maintained on the same diet for approximately 
20 weeks without developing this abnormality. Maintenance on a nicotinic acid- 
deficient diet (supplying single nicotinic acid injections as the deficiency became 
severe in order to maintain life) resulted in liigh curves in 4 dogs within 4 to 9 weeks, 
while 4 other dogs continued to sliow a normal acetaldehyde disappearance after 9 
to 17 weeks. Of 5 dogs that were given both the basal and nicotinic acid-deficient 
rations at different times during their dietary histor}'-, 2 developed high curves in 17 
to 19 weeks; 2 remained normal for at least 26 weeks, and i dog was continued for 
100 weeks without showing abnormal acetaldeliyde metabolism. Feeding the basal 
diet to which i per cent sulfasuxidine had been added produced a high curve in one 
dog in II weeks, but not in another dog that was continued for 19 weeks. Of 6 
dogs that were fed the purified foodstuffs orall}’’ and given the vitamin supplement 
subcutaneously, 4 developed high curves within 10 to 22 weeks, while the other 2 
remained relatively normal for 26 weeks. 

Five of the dogs maintained on the basal or subcutaneous vitamin diet for 20 
to 26 weeks without developing an abnormal acetaldehyde metabolism were then 
placed on the low protein diet. Two of the dogs developed high curves in 3 and 1 1 
weeks respective!}'’; the other three still had normal disappearance rates after ii to 
17 weeks on low protein. A sixth dog that did not develop a high acetaldehyde cun'e 
during 100 weeks on the basal diet did so after three weeks on the low protein diet. 
These results indicate that a low protein diet aids in establishing the abnormal 
acetaldehyde metabolism. 

Practically all of the dogs on the basal or subcutaneous vitamin diet increased 
in weight. Changes in body weight on the low protein diet were small. Body 
weights fluctuated widely on the nicotinic acid-deficient diet as nicotinic acid was 
withheld or administered. The appearance of abnormal acetaldehyde curves could 
not be correlated with such weight changes. Both normal and abnormal disap- 
pearance rates were observed at all phases of the growth response in different dogs. 

Liver Sludies. A number of dogs showing normal acetaldehyde disappearance 
curves (2-5 mg. %) were tested for bromsulfalein excretion, plasma prothrombin 
time and serum alkaline phosphatase just before they were put on the basal ration 
or the subcutaneous vitamin regime. After subsisting on the purified diet for ap- 
proximately 14 weeks, the acetaldeh}^de test was repeated, and from the group were 
chosen 5 dogs showing definitely high acetaldehyde curves (20-25 %) ^^nd 3 dogs 

still showing normal curves (4-6 mg. %). The above liver-function tests were re- 
peated in these dogs, and a liver biopsy was then remoi’-ed from each under aseptic 
conditions. 

Bromsulfalein retention in the group of dogs at the start of the experiment av- 
eraged 1.55 mg. %, and did not change significantly during the dietary period. The 
prothrombin time of 12J per cent plasma was essentially the same (22 sec.) in both 
the normal and high acetaldehyde group. Serum alkaline phosphatase averaged 1.15 
units in the group before starting the experiment; the normal group did not change 
during the dietary period, but each of the dogs that developed a high curve also 
showed a perceptible increase in serum phosphatase, the abnormal group averaging 
2.48 units at the time of biopsy. Liver lipid and water content were normal (5.7% 
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lipid, 31% total solids) in a dog running a high acetaldehyde curve (28 mg. %), and 
there was no gross or histological evidence of fatty livers in any of the adult dogs 
maintained on these diets. 

Hislological Studies. The livers were studied histologically without reference to 
biochemical changes. After fixation in 10 per cent formalin, paraffin sections were 
made and stained simultaneously with hematoxylin and eosin. The sections were 
grouped into three categories: normal, definitely abnormal and intermediate. The 
principal features studied were cell size, liver cord arrangement, sinusoid size and 
cytoplasmic staining qualities. All of these were altered in the abnormal and inter- 
mediate groups, the difference being one of degree. 



Fig. 2 (/e/ 0 . Normal dog lwer. X 525. 

Fig. 3 {right). Liver erom dog maintained on synthetic basal diet. X 525. Section shows 
severe hj'dropic degeneration. 


The normal dog liver (figure 2) has fairly straight liver cords radiating from the 
central vein, regular sinusoids and uniforms cells with distinct boundaries and fine 
eosinophilic granules in the cytoplasm. The livers which were classified as abnormal 
(figure 3) appeared disorganized. Liver cords were indistinguishable and sinusoids 
were not apparent. The outline of the individual cells was very distinct because of 
a characteristically deeply stained material which appeared to be the cell membrane. 
Because they were considerably larger than normal they encroached upon the sinus- 
oids and either distorted or obliterated them. The cytoplasm was rarified except 
for a few scattered threads and granules of eosin stained material. There were no 
distinct vacuoles. Stains for fat (Herxheimer Scarlet Red) and glycogen (Best’s 
Carmine) did not show any appreciable abnormalities. 

Many of the dogs maintained on the basal ration for several months showed 
some degree of this so-called hydropic degeneration of the liver, but the livers of all 



May ig4Q 


LIVER AND ACETALDEHYDE METABOLISAI: 


v ’'v \ 


dogs were not invariably altered pathologically. OcGisional dogs: 
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tained on the diet for long periods of time ndthout dexTiopir 
the liver. There was a general tendencx* for abnormal aevtauicr.y-dc 
curves to be associated xxdth these degenera tix-e dianges in th.v lANn-. 0: P 
continued to show normal acetaldehyde metabolism xx'hile boi'Xis 
diet for 3 months or longer, 3 had normal lix-ers and 3 show 
Of 7 dogs that gave elevated acetaldehyde cun-es .at the rimox'f hxTObvopsy, 4Shv'W\\i 
moderate degenerative changes in the lix^er and 3 had scyv".\' cvydsx'pio da'gyno\ntion. 
The appearance of high acetaldehyde cur\*es and Uxn'r \\\tho!og\.' boix' no ^vlvtion* 
ship to the amount of acetaldehj’-de prexdously adsninistciwl. 

Effect of Dietary Supplements. Dietary supplemouts xvoiY evaUratcvl \n Ivvms 
of the effect obtained on the elevated acetaldehyde disappe^nxnnx^ curve. I'olKwvhx^ 
the first appearance of a high acetaldehyde curve, additional tests were made at 
weekly intervals to establish the consistent nature of the abnormal ehan}';e. nw 
dietary supplement was then gix’-en orally or subcutaneously for periods X'aiyiavt tdvm 
one to 12 weeks, and the acetaldeh)'de test was repeated at r\‘ockly or bi-uxTldy 
tervals during the period of supplementation. When the svurplometrt: was \net\Vvti\'-e 
in restoring the curve to normal, it was replaced by another test substance. A jWS- 
itive response to the supplement was considered to bo significant wlien the ivdthd 
high curves, exceeding 12 mg. per cent for sex’^crnl weeks prior to testing', xww iXNntvXsl 
to normal (6 mg. % or less) and maintained there during the jHn'iod of .snpplenwnta’^ 
tion for at least 3 to 4 xveeks. According to this criterion, a. liiglj easeitt vUet v'WVx'd 
3 of 5 dogs tested. Inositol gave some positix’’e, but erratic elTeots without pevtna- 
nent cures. Other substances tested were without effect. 

Table 2 summarizes the results obtained in some of the tests with dietary sup- 
plements, particularly protein and inositol. Methionine was also tested arid found 
negative in 2 dogs that were later found to be rcfractoiy to the high ptx)tein diet, 
The high protein diet had to be fed for 5 to 6 weeks to some dogs iu order to obtain 
an effect. The results are clear in assigning a beneficial vole to large amounts of 
casein in this condition. 

The beneficial response to inositol was erralio, impi'edictable and temporary, 
Reasonably normal curves first produced by ino.sitol administration wore not aiiS' 
tained in spite of continued inositol administration. In some dogs itiosilol lm<l no 
beneficial effect at all; in others it was beneficial the first time it was administered 
but subsequent high curves in the same dog were unall'ccled by repeated adminis. 
tration of inositol either orally or subcutaneously. 

Negative tests were obtained with biotin, pmmlnobeiizoic, folic acid, locopheroj;;. 
menadione, ascorbic acid, cystine, ergosinny) acetate, a ^j-fold increase jn cliojnv-, 
and a mixture of trace elements. The results witli protein and inositol deinons!.xg.p; 
that the condition is sometimes rcvcrsilile by dietary means, but some <k)p;j 
been refractory to natural supplements ftuch us Wilson’s liver L, fresh -c 

yeast, milk and horse meat. For o,vamplc, 2 dogs maintained their body 
on a diet of raw milk exclusively for 6 weeks, but continued to show v-yv.irrr.'.i- 
dehyde curves throughout this jieriod. This failure to res))ond to nauw?. .t 
ments may represent an irreversible stage of liver damaj'e, yoj.ne o: .-.i t- yy,-;' e 
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tests are equivocal because there is no assurance that any dietary factor would have 
yielded a cure at the time of the test. 

Alcohol and Aceloin. Two dogs averaging 20.2 kg. were maintained on the 
nicotinic acid-deficient diet for 8 weeks. At this point they averaged 16.0 kg, and 
both showed high acetaldehyde curves. The average rate of alcohol metabolism was 
determined (6) to be 10.6 mg. % per hour following an oral dose of 15 cc. of 19 per 
cent (by volume) alcohol per kg. After continuing on the same diet with a large 
excess of nicotinic acid for two weeks, body weights increased to 18.2 kg., and the 


Table 2. Effect of dietary supplements in restoring the acetaldehyde disappearance 

CURVE to normal 


UXEKS OF DIET 
AND TVFE' 

AcH CUETOS BEFORE 
ADUIN. OF TEST 
SDBSTAKCE’ 

EUBSTANC 

Name 

X TESTED 

Mg/Kp. Body Wt. 
Daily 

AcH CURVES DURING ADlilN. 
OF TEST SUBSTANCE^ 

qN 

* 16—28 

1 ; 

! Inositol 

22 

8—6 



PABA 

7 




Biotin 

0.16 


100 B 5L 

23—29—31 

High prot. 

Ad. lib. 

**24**4-S-5 

4N 

* *—27 

Biotin 

0.17 

41 (fatal) 

15 s 

17 — II — 20 

Inositol 

56 

6 — 6 — 10 — 13 

20 B -f sL 

13— 17— IS 

High prot. 

Ad. lib. 

♦*8 — ^ 2 — 6 — 4 

17 B 

* 22—13 

Inositol 

81 

*7 — 21 — 10**22 



High prot. 

Ad. lib. 

*31 **6-7-5-4 

16 B 

* 25—21 

Inositol 

80 

*♦28 

1 


Methionine 

160 

I 27 — 8*18*30 



High prot. 

Ad. lib. 

**31**11*10 

iSB 

H 

1 

Inositol 

66 

*9 — 12 — 27**18 

24 V 

24—14—15 

Tocopherols 

47 

11—15—18 



Vit. K 

1.2 


24 V 

18 — 16 — 15 

P. A. factor 

unit 

II — 10 — 10 

14 V 

* 20 — 26 

Inositol 

83 

* 35—35 



Methionine 

166 

37— 37*31*26 



High prot. 

Ad. lib. 

**3S**29*i4 

13 B 

* 20 — 20 

Inositol 

63 

*37—9—21**13 


1 Diet abbreviations: B = basal; N = nicotinic acid deficient; L = lo%v protein; S = sulfasuxi- 
dine; V = vitamins subcutaneously. 

- Each figure refers to mg. % blood acetaldehyde at 3-minute point, determined at -weekly inter- 
vals. * indicates a week in which no curve was run. 

alcohol disappearance rate increased to 15.5 mg. per cent per hour; the acetaldehyde 
disappearance curves remained high. The change in the rate of alcohol metabolism 
following treatment with nicotinic acid was probably significant, but it should be 
noted that the rate observed during the deficiency ivas not exceptionally low as com- 
pared with the average expected of a group of ‘normal’ dogs. Blood acetoin following 
the administration of 3 cc. of 4 per cent acetaldehyde per kg. was determined (7) in 
several nicotinic acid-deficient dogs shomng delayed acetaldehyde disappearance 
curves. As expected from earlier results (i), the high blood acetaldehyde (35 mg. %) 
was accompanied by high levels of blood acetoin (0.5-0.7 mg. %). 
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Other Specks. Acetaldehyde metabolism was studied in rats by injecting intra- 
peritoneally 0.5 cc. of 4 per cent acetaldehyde per loo-gm. body weight. Blood 
samples obtained by decapitation were analyzed, and the averages of the individual 
results obtained were 18, 9 and 2.5 mg. % acetaldehyde respectively at the 3-, 5-, and 
lo-minute points. This same normal curve w'as obtained in rats fed Purina dog chow 
for 41 and 75 days after weaning, and in a parallel group of rats fed the purified 
nicotinic acid deficient ration. Other weanling male rats were placed on tlie purified 
basal diet previously described and killed at monthly inter\’'als. Histological sections 
of the livers stained with eosin and hemotoxylin were normal throughout the 4-month 
dietary regime; liver lipids were similarly normal, averaging 15.6 per cent of the total 
solids. 

Two monkeys that were being kHied after several years of vicarious e.\:istence 
in the laboratory were subjected to the same acetaldehyde load test used in the 
dogs. In comparison with the curves obtained in dogs (fig. i), one monkey had a 
slightly elevated curve (8 mg. %) while the other was markedly elevated (24 mg. %). 

DISCUSSION 

Some, but not all, adult dogs maintained on a typical purified diet develop a 
defect in acetaldehyde metabolism that is reflected in a delayed disappearance 
curve. The nature of the dietary deficiency responsible for this effect has not been 
established clearly. A low casein diet aids in establishing the pathology, and a high 
casein diet restores a certain percentage of animals to normal in this respect. Never- 
theless, it is difficult to believe that this syndrome is a manifestation of protein de- 
ficiency per se. It can be produced in adult dogs on a 19 per cent casein diet 
(supplying approximately 18% of the calories) and none of the dogs show protein 
deficiency changes in body weight or plasma proteins. The response to the high 
casein diet is slow. The casein could be a carrier for some unknown nutritional 
factor, or the protein content of the diet could play an accessory role in the produc- 
tion of some other deficiency. 

The altered histology of the liver is called hydropic degeneration despite the 
small or negligible changes in water content. Such degenerative changes in the liver 
were previously described in dogs fed a low protein diet (8, 9). The present study 
indicates that protein deficiency is not the only factor capable of producing hydropic 
degeneration, since it was obtained with diets containing 19 per cent casein. The 
altered acetaldehyde metabolism could have been due to changes in the gross archi- 
tecture of the liver or to a specific biochemical lesion in one of the enzyme systems 
concerned with acetaldehyde metabolism. 

STOCUARY 

Fifty to 60 per cent of the adult dogs maintained on a purified diet containing 
the usual B-complex \ntamins developed a defect in acetaldehyde metabolism that 
could be demonstrated by an acetaldehyde load test, k low casein diet helped to 
produce this deficienc}' but it could be obtained on a 19 per cent casein intake. The 
delayed acetaldehyde disappearance curv'c was not associated with bodj^-weight 
clianges but was correlated to some extent with the appearance of hydropic degenera- 
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tion in the liver. Other evidence of liver damage was not prominent; liver fat, brom- 
sulfalein excretion and protlmombin times were normal; serum alkaline phosphatase 
may have been slightly elevated. Once this defect was produced, the acetaldehyde 
disappearance curve could be restored to normal in some dogs by the prolonged ad- 
ministration of a 35 per cent casein diet; it was also benefited sporadically by inosi- 
tol. Disappearance curv^es in other dogs could not be restored to normal even by 
feeding natural foodstuffs for moderate periods of time. 

Weanling rats grown on the same ration did not show any abnormalities in 
acetaldehyde metabolism or liver histology. 
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EFFECT OF CALORIC RESTRICTION ON THE ADRENAL 
RESPONSE OF OVARIECTOMIZED C3H MICE 

CARMEN B, CASAS>, JOSEPH T. KING and M. B. VISSCHER" 

From the Department of Physiology, Medical School, University of Minnesota 

MINNEAPOLIS, MINNESOTA 

W OOLLEY, Fekete and Little (i) reported that certain strains of mice 
develop nodular hyperplasia of the adrenal cortex following ovariectomy. 
Kirschbaum, Frantz and Williams (2) found that such changes occur 
spontaneously in the NH strain in relation to the early ovarian failure seen in this 
strain. The change can be induced even earlier by ovariectomy. These facts sug- 
gest that the adrenal may be responding to pituitary stimulation caused by low 
estrogen levels in the body fluid. As the adrenal changes develop the uterus and 
vagina show increasing evidence of estrogen stimulation. The adrenal is, presum- 
ably, the source of the estrogen. 

These facts have a bearing on caloric restriction since a number of investigators 
have interpreted their findings as indicating that dietary restriction inhibits the 
pituitary causing various degrees of gonadal failure; see Moore and Samuels (3); 
Werner (4); Mulinos and Pomerantz (5); Huseby, Ball and Visscher (6); and others 
cited in the above papers. 

In this study an attempt was made to determine whether the partial or total 
anterior pituitary inhibition which is believed to prevail in caloric restriction is of 
such a nature as to prevent the adrenal changes known to follow ovariectomy in 
certain strains of mice. It was also important to determine whether restriction in- 
fluenced estrogen production in case the adrenal changes developed in mice on re- 
striction. 

Since the effects of pure caloric restriction on the C3H mouse have been ex- 
tensively investigated in this laboratory (6, 7) and since this strain shows the typical 
adrenal response following ovariectomy it was used exclusively in this study. 

MATERIALS AND METHODS 

C3H mice were ovariectomized at 21 to 23 days of age. They were housed 
individually in an air-conditioned room. The diet used was that described by 
Visscher et al. in their study on the incidence of mammary carcinoma. The controls 
had unlimited access to food. The restricted mice were fed a pellet formed in a 
brass mold calibrated to measure the required amount for one day. One group was 
restricted to approximately 66 per cent of the calories eaten by the controls; another 
group was restricted to approximately 50 per cent. Tap water was continually 
available to both restricted and control groups. Each group contained at least SO 
mice. 
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It should be noted that the restricted mice received approximately the same 
amount of protein, vitamins and salts as the controls. Animals were weighed each 
week. Vaginal smears were made by the lavage method. Sections were made of 
the uterus, vagina and adrenals. 

General observations. Restricted mice were uniformly more active than full- 
fed mice. They were also more irritable when handled. The restricted ration was 
promptly eaten by a mouse in good health. There were some perianal infections in 
the full-fed groups which yielded to prompt washing with boric acid solution and 
painting with tincture of metaphen. There was no evidence of poor health in re- 
stricted animals as compared to controls. Fur, skin, eyes, nose and mouth showed 
no abnormality. 



Time in v/eek3 

Fig. I. Graph of body V'EIGht of mice fed ad libitum, at 33% and 50% caloric restriction. 

Growth rate. In figure i the rate of growth of restricted and control group is 
shown up to the 32nd week. The rapid growth phase persists longer in the controls. 
In the group restricted to 50 per cent there is a loss in the first week which is recovered 
in the second. Thereafter the curve for this group resembles that of the group under 
less severe restriction but is at a lower level. 

Vaginal smears. The restricted animals never developed a positive smear. At 
37 days after ovariectomy the controls began to show evidence of stimulation; in 4 
months they showed a dense, mixed smear composed of leucocytes, epithelial and 
cornified cells. Beyond this time there is no essential change in the character of the 
smear. The cellular content of the smear is non-cyclic in contrast to normal estrus 
cycles seen in the intact, full-fed animal. 

Adrenals. By 37 days after ovariectomy histological changes could be observed 
in both restricted and control groups. The changes were further advanced in the 
controls. There was proliferation of small, dark subcapsular cells which invade the 
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cortex. When this type of cell surrounds large, clear cells the result is that described 
by Woolley and Little (8) and noted by Kirschbaum, Frantz and \Villiams (2) in the 
NH strain. At the 3-month stage the changes were further developed in both re- 
stricted and controls. At this time there was no qualitative difference between tlie 
two groups although there was a larger fraction of the corte.x involved in the con- 
trols. The X zone disappears very early in that part of the gland showing the above 
histological changes. Grossly the glands showed white or yellowish areas, sometimes 
bulging on the surface. 

Uterus. By the time the vaginal smears showed the dense, mixed picture the 
uterus of the control mouse was grossly enlarged and hyperemic while that of the 
restricted animal was completely atrophic. Sections of the control organ showed 
evidences of estrogenic stimulation, i.e., tall columnar epithelium, infolding of the 
luminal surface, numerous well developed glands, loose stroma, etc. In the restricted 
mouse the histologic picture is one of hypoplasia. 

F agina. In the restricted mouse the vagina remained very small with usually 
not more than two rows of epithelial cells, except deep in the folds. The full-fed 
animal showed a well-developed vagina at 99 days with an epithelium many layers 
deep. Mucification was prominent in some animals with some cornification. Later 
stages showed more pronounced cornification. 

Refeeding. Five of the ovariectomized restricted mice were fed ad libitum after 
12 weeks of restriction at which time their weight varied from 17.7 gm. to 20.0 gm. 
They came into subestrus after 29 to 35 days of full feeding at body weights between 
22.2 gm. and 26.4 gm. 


DISCUSSION 

This experiment was based on the assumption that the controls would eat on 
the average 2.66 gm. per day after the second week. They actually ate slightly 
more than the expected amount. The restricted animals therefore were subjected 
to a caloric restriction very slightly in excess of that planned. 

The outstanding difference between the full-fed and restricted ovariectomized 
mouse is that the former develops evidence of estrogenic stimulation while in the 
latter the uterus and vagina remain atrophic. Both develop qualitatively identical 
histological changes in the adrenals. Since our unpublished e.xperiments show that 
the restricted mouse is as sensitive to estrogens, in vaginal and uterine response, as 
the full-fed animal one is forced to believe that it does not produce enough estrogen 
to cause stimulation. 

The concept of pseudohj’pophysectomy advanced by earlier workers seems ade- 
quate to e.xplain the failure of ovarian function seen in the restricted, intact mouse 
since the response to gonadotropin or pituitary implants is prompt. Stated in its 
simplest form it means that restriction mhibits at least that function of the pituitary 
which controls the ovar>% 

No such simple explanation is adequate, however, when applied to the facts 
obsennd in the tumor-bearing, restricted castrate. This animal has adrenal cortical 
tumors qualitatively identical with those seen in the full-fed mouse but there are no 
signs of estrogen production. It is true that controls usually show more tumor 
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tissue in the cortex than do restricted mice. However, we liave seen control animals 
with the usual evidences of estrogenic stimulation but having less tumor tissue than 
seen in some restricted mice failing to show such evidences. Hence it is improbable 
that the lesser amount of tumor tissue seen in the restricted animal explains failure 
to produce estrogens. 

In the present state of knowledge caution must be used in interpreting these 
facts. It seems very probable that the tumors are the site of estrogen production 
in full-fed castrates of certain strains and in the NH mouse where they occur spon- 
taneously. However, the fact that the tumors occur in the restricted castrate with- 
out evidence of hormone production makes it clear that the factors which are re- 
sponsible for the histological change and for the secretory activity are not identical. 
Whether suppressed pituitary activity in the case of the restricted mice is the de- 
termining difference cannot be answered finally on the basis of these experiments. 
Our efforts to bring about estrus in the restricted tumor-bearing mouse with gonado- 
tropin (9) and with adrenocorticotropin (10) were not successful. Likewise we were 
not able to produce estrus with fresh pituitary implants (unpublished data). The 
results of Boutwell, Brush and Rusch (ii) indicate that restriction may inhibit one 
pituitary function while enhancing another. 

STOUIAUV 

The ovariectomized C3H mouse develops adrenal cortical adenomas whether 
full-fed or restricted. The restricted tumor-bearing mouse fails to show stimulation 
of the uterus and vagina while the full-fed animal shows constant stimulation fol- 
lowing the development of histological changes in the adrenal cortex. Where the 
caloric block to estrogen production takes place and what role the pituitary plays 
remain unsolved problems. 
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SECRETION OF INSULIN AND OF A HYPERGLYCEMIC 
SUBSTANCE STUDIED BY MEANS OF PANCREATIC- 
FEMORAL CROSS-CIRCULATION EXPERIMENTS' 

PIERO P. FOA, HARRIET R. WEINSTEIN AND JAY A. SMITH 
From the Deparlnmit of Physiology and Pharmacology, The Chicago Medical School 

710 SOXJIH WOLCOTT A\T=:NTJE, CHICAGO, ILLINOIS 

T he hypoglycemic phase of the normal glucose tolerance curve is gener- 
ally attributed to excessive compensatory reduction of the blood sugar level, 
brought into play by the hyperglycemic phase. Investigators, however, 
do not agree as to whether this is accomplished by stimulation of insulin produc- 
tion (1-5) or tlirough a protracted inhibition of hver glycogenolysis (6). The so- 
lution of this problem is important for academic and practical reasons, for if one 
believes that hyperglycemia stimulates the insular tissue and that a continuous over- 
activity may result in exhaustion, one must control both diabetes meUitus (7-8) and 
h3/perinsulinism (9) with ‘painstaking care’ (7). On the other hand, if one believes 
that changes in the rate of liver glycogenolysis is the paramount factor, the strict 
control of the blood sugar level and of glycosuria may become less important, 

METHODS 

The problem was investigated by means of pancreatic-femoral anastomoses. Seventy dogs 
were used. All animals were fasted for 16 hours preceding the experiment and were anesthetized 
with sodium amytal (70 mg/kg. intramuscularly, plus a single 50 to loo-mg. dose intravenously, if 
needed). This barbiturate was selected because it is reported to have little or no effect on blood 
sugar concentration (10, ii). The experiments were performed as follows. A donor dog A was 
prepared by cannulating the pancreaticoduodenal and one of the femoral veins. The other femoral 
vein was exposed for withdrawal of blood samples. A recipient dog B, smaller than dog A, was pre- 
pared by cannulating the femoral vein and arterj' on one side and exposing the femoral vein on the 
other. The blood pressure of the dogs was measured with mercury manometers connected with the 
carotid arteries. Having thus prepared the animals, a control sample of blood was taken, the animals 
were heparinized,^ the pancreaticoduodenal vein of dog A was connected with the femoral vein of 
dog B and the femoral artery of dog B with the femoral vein of dog A . The anastomoses were made 
with transparent polyethylene tubing and tlie free flow of blood ascertained by injecting a minute 
bubble of air into the tubing before every blood sampling. The pancreatic-femoral anastomosis 
was kept open continuously. The return flow from the arteiy of B to the vein of A was opened 
as needed to maintain arterial blood pressures of both dogs approximately equal to their initial 
values. Four samples of blood were taken at i5-minute intervals and, after this control period, 5 cc. 
of a 20-per cent solution (i gm.) of glucose per kilo body weight or the same volume of iso-osmotic 
(4%) saline were rapidly injected into the exposed femoral vein of dog A. Blood samples were taken 
at 15-minute intervals for 75 minutes following the injection, the anastomoses were then discon- 
nected and the sampling continued 1 5 minutes later and then every 30 minutes for 2 more hours. 
Blood sugar was determined in duplicate according to the method of Folin and Malmrose (12). 
In some control experiments a branch of the mesenteric vein of dog A, about equal in size to its 

Received for publication October 21, 1948. 

^ A summary of this paper was presented before the meeting of the American Physiolo^cal 
Society, Minneapolis, Sept. 16 and 17, 1948. 

- Heparin was generously supplied by the Wilson Laboratories of Chicago. 
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pancreaticoduodenal vein, was used instead of the latter. To minimize any difference in the rate 
of blood flow, cannulas of similar size were used in all experiments. 

In other experiments alloxan diabetic dogs were used. The animals had received 70 mg. of 
alloxan per kilo of body weight by intravenous injection at least 3 days before the experiment and 
had had glycosuria for at least 2 days. 

The statistical significance of all pertient data was computed and expressed as ‘Probability’ 

(P). 

RESULTS 

. The results are presented in the form of average blood sugar curv^es. Figure i 
represents the glucose tolerance curt^e of intact anesthetized and heparinized dogs. 



Fig. I Qcjl). Glucose tolerance cur\'t:. Normal dogs. Average of 4 experiments. G: 
intravenous injection of 20% glucose solution (i gm/kg. body weight). 

Fig. 2 {right). Pancreatic-femoral anastomosis. Normal dogs. Average of 3 experiments. 
B: before opening the anastomosis; G: intravenous injection of 20% glucose (i gm/kg. body weight) 
into both dogs; D: anastomosis disconnected. 

It demonstrates that, under the experimental conditions used, the carbohydrate me- 
tabolism of the animals was not altered significantly, as a normal curve could be ob- 
tained. 

Figure 2 shows that when dogs A and B are connected by means of the pancre- 
atic-femoral anastomosis and glucose is injected into both dogs simultaneously, the 
tolerance curve of dog A resembles a diabetic curve, whereas that of dog B is normal. 
The difference in the behavior of the two dogs shows that at least part of the insu- 
lin produced b}’’ the pancreas of dog A can be transferred to dog B and that the prep- 
aration used is suitable for this type of study. 

Figure 3 shows the results of experiments in which dogs A and B were connected 
by a pancreatic-femoral anastomosis and glucose was injected only into the donor 
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dog A. Tlie following phenomena will be observed; a) During the control period 
preceding the injection, the blood sugar of both dogs remained practically constant; 
b) following the injection of glucose into A the blood sugar of B started to decline 
shaiply within 30 minutes, reaching a minimum value in from 60 to 90 minutes. 
This shaip decline was observed in all experiments and was even more marked than 
it would appear in the average curve. The latter is somewhat flattened because the 
beginning of the decline and the lowest blood sugar concentration did not happen 
at exactly the same time in all experiments.® The blood sugar of B remained low 
for about 2 hours after the two dogs had been disconnected, then gradually returned 
toward normal levels. 



Fig. 3 (/e/i). Pancreatic-femoral anastomosis. Normal dogs. Average of 5 experiments. 
G: intravenous injection of 20% glucose (i gm/kg. body weight) into the donor dog. 

Fig. 4 (fight). Mesenteric-femoral anastomosis. Normal dogs. Average of 6 experiments. 


It win be further noted that the decline in the blood sugar concentration of dog 
B followed the rise in blood sugar concentration of dog A, at a time when the glucose 
present in the pancreatic blood of A flowing into B tended to raise the glycemia of 
the latter rather than lower it. The h3TD0giycemia observed in dog B thus acquired 
even greater meaning. The fact that the decline in the blood sugar of B did not 
start until about 15 to 30 minutes after the blood glucose of A had been raised by the 
injection, that it reached mim'mum values in from 30 to 60 minutes and that it 
lasted for more than 2 hours after the animals had been disconnected suggests that 
the phenomenon is due to overproduction of insulin by the pancreas of dog A fol- 
lowing the injection of glucose. The following experiments were performed to con- 
firm this tentative interpretation. 

It was necessary to rule out the possibility that the described phenomena may 
have been due to non-specific actions of the injection per se on the pancreas of the 

’ The difference betn'een the mean glucose concentration before and after the injection of glu- 
cose is statistically highly significant (P < .01). 
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donor dog, such as: a) some hemodynamic disturbance produced by the volume of 
fluid injected or b) the hypertonicity of the solution. For this purpose experiments 
werfe' performed in which the donor dog received hypertonic (4%) saline instead 
of glucose. 

The sudden h3TJoglycemia of dog B was not observed. Although a gradual 
decline in the blood sugar of both dogs was noted in the average curve, it was absent 
in 3 of the 5 donor dogs and in 2 of the 5 recipients.^ 

To rule out the possibihty that the h3rpoglycemia of dog B might have been 
due to tlie blood of A per se, rather than to its insulin content, six experiments were 
performed in which the dogs were connected with a mesenteric-femoral instead of 
a pancreatic-femoral anastomosis. 

Figure 4 shows that following the injection of glucose into dog A the blood sugar 
of dog B increased instead of decreasing.® This phenomenon is probably due to the 
high glucose content of the blood flowing from dog A to dog B and adds signiflcance 
to the h3’poglycemia observed in the dogs receiving pancreatic blood from their 
donors. It will be noted that, following the rise, the blood sugar of dog B tended 
to decline below the original level. This may have been due to the preceding hy- 
perglycemia or to the tendency to hypoglycemia observed after the injection of 
saline for which we have no satisfactory explanation. The latter decline is, how- 
ever, readily distinguisable from the sudden hypoglycemia shown in figure i. 

The possible non-specific effect of blood transfusion was further ruled out by the 
results of 3 experiments in which an alloxan diabetic dog was used as donor of pan- 
creatic blood. One can see (fig. 5) that, following the injection of glucose into dog 
A, the blood sugar ’of dog B rose instead of declining, probably because of the 
glucose content of the pancreatic blood of dog A which contained no insulin.® The 
tolerance curve of A is strongly diabetic. 

It appears, therefore, that the hypoglycemia noted in dog B receiving pancre- 
atic blood from a normal donor cannot be explained by a non-specific effect of the in- 
jection or of the blood transfusion and was probably due to stimulation of insulin 
production by dog A following the injection of glucose. 

If one compares figure 4 with figure 5 one wiU observe that the rise in blood 
sugar of a dog B receiving blood from the pancreatic vein of an alloxan diabetic do- 
nor (fig. 5) v/as much greater and lasted much longer than that of a dog B receiv- 
ing blood from the mesenteric vein of a normal donor (fig. 4).^^ The difference in 


* Statistical analysis showed that the decline in blood sugar concentration of dog B after saline 
injection is not significant (P = .6). It also showed that the difference between the mean decrease 
in blood sugar of dog B after injecting glucose into dog A (fig. 3) and the mean decrease in blood 
sugar of dog B after injecting saline into dog A is significant. (.02 > P > .05). The difference 
between the mean of the blood sugar concentrations reached in the 2 experiments is highly sig- 
nificant (P > .01). 

®The increase in blood sugar concentration is statistically significant (P = .05). 

® The difference in mean blood sugar concentration of dog B before and after the injection of 
glucose into dog A is highly significant (P > .01). The difference between the mean rise in blood 
sugar noted in this experiment is significantly different from the mean decrease shown in fig. 3 
(.02 > P > .05). 

’’ The difference between the mean increases in blood sugar concentration is highly significant 
(P < .01). 
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response was too great to be explained by the higher blood sugar concentration of 
the alloxan diabetic donor as coinpared to the normal donor and suggests the possi- 
bility that the pancreas of the former may have secreted a h3^erglycemic principle 
not masked by the simultaneous secretion of insulin. This possibility is made stronger 
by the fact that when dog B received blood from the mesenteric instead of the pan- 
creaticoduodenal vein of an alloxan diabetic donor, its blood sugar behaved very 
much like that of a dog receiving blood from the mesenteric vein of a normal dog 
(fig. 6).« 



Fig- S (^c/0- PANCREATic-rEMORAL ANASTOMOSIS. Alloxan diabetic donor. Normal recipient. 
Average of 3 experiments. 

Fig. 6 {right). Mesenteric-temoral anastomosis. Alloxan diabetic donor. Normal recip- 
ient. Average of 2 experiments. 


DISCUSSION 

The following observations support the view that hyperglycemia stimulates 
insulin production: a) Carbohydrate tolerance is decreased after fasting or low car- 
boyhdrate diets and is restored after a carbohydrate meal (13, 14). b) Carbohydrate 
tolerance is decreased after prolonged insulin administration which probably inhib- 
its insulin secretion (15-17). c) Diabetes can be produced in normal animals by 
feeding a high carbohydrate diet (18) or by keeping them hyperglycemic with large 
amounts of glucose (19). d) Animals can be made permanently diabetic by glucose 
after partial pancreatectomy (Sandmeyer’s Diabetes) (20) or after partial injury to 


® The.rise in blood sugar concentration of dog B is not significant (P = .3) wliereas the differ- 
ence between the mean rise observed in fig. 5 and that observed in fig. 6 is highly significant (P < 
.01). 
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the pancreas with anterior pituitary extract (21) or alloxan (22). Apparently every 
time more carbohydrate is available to the animal, the insulin requirement and se- 
cretion increase. This may overtax and finally exhaust the islet cells, e) When the 
pancreas is protected by exogenous insulin (21, 23), or by preventing hyperglycemia 
with phlorizin (24), beta cell degeneration and diabetes can be prevented. /) A hy- 
poglycemic crisis follows a carboh3''drate meal in patients with hyperinsulinism (25). 

Further evidence of the effects of hyperglycemia in stimulating insulin secre- 
tion was obtained by comparative measurements of blood sugar (26) or of insulin 
(27) concentration in the femoral and pancreaticoduodenal arteries after the injec- 
tion of glucose. It was also found that hjqjerglycemic dog blood produces hypogly- 
cemia in the mouse (28) (although this ma}'- be a non-specific effect of heterologous 
blood) and that glucose injected into the pancreatic artery’- reduces the systemic 
blood sugar (29-31). Zunz and La Barre (32) anastomosed the pancreatic vein of 
a dog A with the jugular of a dog B and found that the injection of glucose into A 
produced hypoglycemia in B. Their conclusions are based on only 3 experiments 
and there were no adequate blood sugar determinations preceding the injection of 
glucose. The effect of blood other than pancreatic was not studied. Furthermore, 
the hypoglycemia obtained was rather mild perhaps because the flow of blood through 
the vascular anastomosis was minimal, due to lack of anticoagulant and to the con- 
striction produced by the Payr cannula. Recently Anderson and Long (33) 
found that the amount of insulin secreted by a perfused pancreas increases when 
the perfusing fluid contains glucose. Results whicli would not support the hypo- 
thesis that glucose stimulates insulin secretion have also been reported. GeUhom, 
Feldman and Allen (34) were imable to alter the concentration of insulin in the blood 
by injecting glucose. Geiger and Houssay and Lewis and Foglia (quoted in 31) 
found that the results of Grafe and Meythaler (26, see above) were not specific as 
they could be obtained by using saline or urea instead of glucose. Furthermore, 
according to Soskin (6), the theory that insulin secretion is stimulated by hyperglj’’- 
cemia is not tenable in view of the experiments by himself and collaborators on the 
depancreatized and the hepatectomized dog. According to Soskin the hyperglycemia 
would inhibit the release of glucose from the liver until the blood reaches hypo- 
glycemic levels. Not all authors concur with this point of view (Best in 6, 35, 36). 
Furthermore, recent evidence (37) would indicate that in man the inhibition of the 
release of hepatic glucose induced by hyperglycemia ceases when the blood sugar 
concentration is still at the relatively high value of 170 mg/ioo cc. 

The results of Zunz and La Barre and of other investigators quoted above were 
confirmed and extended by us, using the cross-circulation technique. This tech- 
nique obviates the objection of using an animal of a different species for the deter- 
mination of the insulin content of the blood, subjects the pancreas to a minimal 
trauma and maintains the recipient or insulin-detector dog nearly intact. 

The evidence indicates that the h>>pogl3’-cemia observed in the recipient dog 
following the injection of glucose into the donor is probably the result of a specific 
increase of insulin secretion in the donor dog brought about by the hyperglycemia. 
The order of magnitude of the hypoglycemia in dog B is similar to that observed in 
the normal glucose tolerance curve. It appears likely , therefore, that in the intact 
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normal animal the concentration of glucose in the blood regulates insulin secretion 
and by so doing it regulates itself. Hyperglycemia would stimulate the pancreas, 
the excess insulin would increase glucose utilization in the peripheral tissues (38-40) 
and decrease liver glucogenolysis (6). Although other mechanisms may be available 
to secure the regulation of the blood sugar in the depancreatized animal (41), in the 
intact animal the pancreas probably plays a primary r 61 e. 

The hyperglycemia observed in the dog receiving pancreatic blood from an al- 
loxan diabetic donor may be due to a pancreatic h3/perglycemic substance similar 
to that found in most insulin preparations (42-44), 

WTiile this manuscript was being prepared, there appeared a paper by Suther- 
land and De Duve (45) showing that the beta cells of the islet tissue can be destroyed 
by alloxan without loss of the hyperglycemic factor. The hyperglycemia obtained 
by these authors injecting alloxan-pancreas extracts is comparable in time and dur- 
ation to the hyperglycemia observed in our recipient dogs receiving pancreatic 
blood from an an alloxanized donor. It appears, therefore, that this pancreatic 
principle derives from the alloxan-resistant portion of the pancreas. Sutherland 
and De Duve also report the interesting observation that blood destroys the hyper- 
glycemic factor in vitro. Our cross-circulation experiments appear to indicate that 
this destruction does not occur in vivo^ at least during the duration of the experiment. 
Its independence of the beta cells may explain why the depancreatized dog requires 
less insulin than the dog in which diabetes has been produced not by removal of the 
organ, but by injury to the beta cells with alloxan or anterior pituitary extract (46). 
It may also help explain why a totally depancreatized man requires less insulin than 
a moderately severe diabetic (47). Experiments designed to demonstrate the pre- 
sence of a hyperglycemic principle in the pancreas of alloxan diabetic dogs are in 
progress. 


STBIMARY 

In 35 cross-circulation experiments, anastomoses were made between the pan- 
creaticoduodenal or the mesenteric vein of a donor dog A and the femoral vein of a 
recipient dog B. A retmn circulation was obtaiued by establishing a limited flow 
of blood between the femoral artery of dog B and the femoral vein of dog A. 

The blood sugar of a dog receiving pancreatic blood from a normal donor in- 
jected with glucose decreases sharply reaching a minimiun in 30 to 60 minutes and 
gradually returning toward normal about 2 hours after the anastomosis has been 
disconnected. This sharp decrease is similar to the hypoglycemic phase of the nor- 
mal glucose tolerance curve. Both phenomena are consistent with the hypothesis 
that a rise in blood sugar stimulates the secretion of insulin and by so doing regulates 
itself. 

When sahne is injected instead of glucose the glycemia of dog B does not de- 
crease significantly. When the transfusing blood derives from the mesenteric vein 
of a normal donor the blood sugar of the recipient dog increases instead of decreasing. 
The increase in the blood sugar concentration of the recipient dog is even more 
marked and sustained if the anastomosis is made with the pancreatic but not with 
the mesenteric vein of an alloxan diabetic donor. The latter hyperglycemia sug- 
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gests that the pancreatic blood of the alloxan diabetic dog contains a hyperglycemic 
substance produced by the alloxan resistant portion of the pancreas and active in 
vivo. 
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COMPARATIVE EFFECT OF INTRAVENOUS GLUCOSE AND 
ADRENALIN ON BLOOD FLOW, OXYGEN UTILIZATION 
AND GLUCOSE RETENTION BY HIND LEG TISSUES OF 
ANESTHETIZED CATS 

FRED R. GRIFFITH, JR., C. DANIEL COLE antj DONALD B. THOMAS 
With the technical assistance of Shikley Dodds and Sherman Watson 
Fro7n the Department of Physiology, University of Buffalo 

BUPFAXO, NEAV YORK 

I N A recent report (i) it was shown that although the carbohydrate plethora of 
an adrenalin hyperglycemia is invariably accompanied by increased transfer 
of sugar from blood to peripheral (hind leg) tissues, this increase in tissue sugar 
uptake or retention was usually accompanied by a decrease rather than an increase 
in tissue oxygen consumption. 

Insofar as a specific calorigcnic action of adrenalin itself might be involved, this result was not 
une.xpected since we have been repeatedly unable to detect a locus for it in peripheral tissue of intact 
animals (2-4) and there is considerable evidence, too extensive to be documented here, that it is 
abrogated by hepatectomy or evisceration. 

Insofar, however, as the carbohydrate plethora itself might be involved, the result was un- 
expected since the locus of its specific dynamic action is presumably in the peripheral tissues tliem- 
selves; it not only occurs after hepatectomy or evisceration (5, 6) but apparently is even intensified 
thereby (7). 

If the only effect on oxygen consumption in the experiments referred to had been a depression, 
it might have been concluded that adrenalin directly suppressed the specific dynamic action of the 
very carbohydrate plethora evoked by it The suppression of oxygen consumption of the leg tissues 
was, however, not invariable; there were enough instances in which it increased to suggest that 
whichever effect occurred must depend on some indirect effect of the intravenously injected adrenalin 
and it was suggested that this might be its effect on blood flow within the limb. Whenever this was 
decreased (which apparently could only result from such intense local vasoconstriction as to offset 
the effect of a presumably elevated arterial blood pressure) oxygen consumption was decreased also. 
When blood flow through the leg was increased it was assumed this might occur in two ways: i) 
sufficient elevation of blood pressure to drive an increased amount of blood through still patent chan- 
nels and in spite of extensive local vasoconstriction; and 2) actual local vasodilatation if the effective 
adrenalin concentration reaching the leg was of a minimally effective magnitude. In (r) the oxj'gen 
supply to and its utilization by the leg tissues would be as effectively curtailed as in those experi- 
ments in which the blood flow was actually diminished; in (2) oxygen supply would be and its utili- 
zation presumably could be increased. This, at least, seemed to provide a possible explanation for 
the finding that: a) oxygen consumption always decreased if blood flow decreased; b) never increased 
unless blood flow increased; and c) might at times be decreased even tliough blood flow was increased. 

This interpretation is based on assumptions which seem consonant with generally 
accepted premises as to the vascular readjustments effected by adrenalin. It was 
obviously desirable, however, to have direct measurement under the conditions of 
these experiments of the actual change of blood pressure and of the degree of vaso- 
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constriction or dilatation (plethysmograph) coincident with the measured oxj’-gen 
consumption by and flow rate tlirough the leg tissues. In addition, it was desired 
to compare the effects of adrenalin on these variables v;ith those accompanying a 
hyperglycemia of approximately equal magnitude produced by glucose injection 
alone. For although there are scattered observations in the literature as to tissue 
glucose uptake resulting from a glucose hyperglycemia, there are none known to us 
which permit a quantitative comparison of this with the effect of an adrenalin h}q)er- 
glycemia of equal degree. Nor do we know of any measurement of the effect of 
glucose injections of this magnitude on arterial blood pressure, or blood flow and 
oxygen utilization by peripheral (leg) tissues. 

It is the purpose of this report, then, to compare the effect on arterial blood 
pressure and leg volume, and the change in blood flow, sugar retention and oxygen 
consumption of the leg which result from: a) intravenously injected adrenalin; and 
5 ) glucose injected intravenously in such amounts as to effect a comparable hyper- 
glycemia. 


PROCEDURE 

All of the work was done on cats anesthetized with dial-urethane (Ciba). In- 
travenous injection of adrenalin or glucose was by way of the cannulated left jugiflar 
vein. Arterial blood pressure was recorded from the right carotid by means of a 
Hurthle membrane manometer. Heparin was administered intravenously to pre- 
vent clotting. 

Arterial blood samples for determination of arterial glucose, oxygen and hemo- 
globin concentrations were obtained from a cannula in the right iliac artery. 

Venous blood from the left hind leg was obtained from a special carmula in the 
right iliac vein into which flowed all the blood from the left liind leg when the vena 
cava was clamped just above its origin. As the blood entered this cannula it was 
kept at a fixed mark on a vertical side arm by withdrawal into a tightly fitting syringe 
the rate of filling of which was timed with a stopwatch, thus measuring the rate of 
blood flow from the left leg. Most of this blood would be immediately reinjected 
and only enough retained in the S3n:inge for determination of venous glucose, oxygen 
and hemoglobin concentrations. These values and those of a simultaneously ob- 
tained arterial blood sample provided the arterio-venous differences in concentrations 
which, together with the measured rate of blood flow, permitted calculation of the 
sugar retained and oxygen used by the tissues of the left hind leg per unit time. 

After these preparations were complete the left hind leg was enclosed in a ple- 
thysmograph fitting as high up toward the hip as possible. An air-tight seal with 
the shaved skin was uniformly easily obtained with TJnna paste. The plethysmo- 
graph was insulated from sudden variations of room temperature by thick wrapping 
with cotton batting. Variation of leg volume was transmitted by air to a Marey 
tambour and recorded on the smoked kymograph paper synchronously with the 
arterial blood pressure. 

Adrenalin was employed in only one dosage, 0.004 Dig/kg. of body weight per 
minute in one cubic centimeter; to obtain this, proper dilution ,of Parke-Da\ds i : 1000 
adrenalin chloride solution was made with isotonic NaCl solution immediately before 
use. Injection was by a hand-operated syringe into the jugular vein and timed with 
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a stopwatch at a rate as nearly as possible of i cc/min. for 5 minutes; it was begun 
immediately after securing a pair of simultaneous normal arterial and venous blood 
samples; and its immediate effect was determined by another pair of blood samples 
taken during the terminal portion of the 5th minute of injection. After-effects were 
determined by samples obtaiued 5, 15 and 30 minutes after the end of the 5-minute 
injection period. 

Glucose hyperglycemia was desired to be as nearly as possible equal to that 
induced by the adrenalin; for the rate of adrenalin injection used here this had been 
found in previous work (i) to be an average increase of about 85 mg. per cent. Pre- 
liminary trial indicated that an increased blood sugar level of approximately this 
amount would be caused by intravenous injection of 0.25 gm. of glucose per kg. of 
body weight in 5 minutes (0.05 gm/kg/min. for 5 min.). For reasons not signifi- 
cant here, this amount was dissolved in 2.5 cc. of distilled water and injected, as was 
the adrenalin, into the jugular vein by a hand-operated syringe at the rate of 0.5 cc/ 
min. for 5 minutes. Blood samples were taken as described for adrenalin. 

Blood sugar was determined by the method of Hagedorn and Jensen; hemo- 
globin determinations for assessment of change of blood hydration were by the 
colorimetric method of Cohen and Smith; blood oxygen content was obtained by 
the manometric method of Van Slyke and NeiU; careful precaution was taken to 
prevent alteration of gas content of the blood samples during collection and while 
awaiting analysis. 


RESULTS 

The data to be presented were derived from 25 experiments with adrenalin and 
an equal nmnber with glucose injected at the rates and in the quantities described 
above. 

Blood, hydration. As in our previous work, and as have others, we find that 
venous blood from the leg is consistently (and in this work invariably) more con- 
centrated than the arterial blood going to it as measured by the change in hemo- 
globin concentration and expressed as oxygen capacity. Also, as before, the degree 
of concentration varies greatly from one experiment to another so it is not surprising 
to find that the average for the 50 normals of this series is somewhat different (higher) 
than reported previously by us; i.e., the average oxygen capacity of venous blood in 
this series was 0.81 vol. per cent greater than arterial. But, again, in conformity 
with previous findings, intravenously administered adrenalin affects this very little 
and in the present instance not at all, the difference being e.xactly the same at the 
end of the s-minute injection period. Nor did glucose infusion change this blood- 
tissue water exchange to any marked degree, merely diminishing it sUghtly so that 
the oxygen capacity of venous blood was only 0.74 volume per cent greater than 
arterial at the end of the 5-minute intravenous injection. ’iVhen, later on, the effect 
of the glucose infusion on total leg volume is considered this evidence of an only 
slightly diminished loss of water from arterial blood to the tissues will have to be 
reconsidered. 

The oxygen contents of venous blood samples have in all cases been corrected 
for the concurrently indicated change in blood hydration in this as in our previous 
work. For there is apparently no reason to doubt that, since the bulk of the oxygen 



20S 


GRIFFITH, JR., COLE AND THOMAS 


Volume 157 


is in the corpuscles, this dehydration of the blood as it passes through the leg makes 
the apparent ox}’'gen content of venous too high in comparison with that of arterial 
blood. 

Blood sugar, however, now appears to us to be in a different category, "Whereas, 
in our previous work venous blood values were similarly corrected for the change in 
hydration, it now seems that until there is definite evidence to the contraiy, it is 
safer to assume that the water leaving the blood will carry small molecules with it 
without any change in concentration. Whether applied or not this correction makes 
no difference qualitatively and in most instances little quantitatively. 

Hyperglycemia. Intravenous injection of adrenalin at the rate and for the time 
employed here (0.004 mg/kg/min. for 5 min.) produced an increase in arterial blood 
sugar level or a hyperglycemia of 77 mg. per cent as the average of the 25 experi- 
ments. This checks well with our previous work in which the average of 14 injec- 
tions at this same rate was 85 mg. per cent. 

Since it was desired to raise the blood sugar level as nearly as possible an exaetty 
equal amount by intravenous glucose infusion, the preliminary selection of 0.05 
gm/kg/min. for 5 minutes as the rate of administration proved to be singularly 
appropriate; the average elevation of arterial blood sugar level thus induced at the 
end of the 5-minute infusion period for the 25 e.xperiments was 82 mg. per cent — 2. 
remarkably close approximation to the effect produced by the injection of adrenalin. 

During the half hour following the termination of the 5-minute injection period 
the decline of the blood sugar level was more rapid in the glucose than the adrenalin 
series (fig. i); at the time intervals, 5, 15 and 30 minutes after injection, blood sugar 
following glucose injection was 58, 47 and ii mg, per cent above normal; the corre- 
sponding values after adrenalin are 75, 57 and 51 mg. per cent, ^\^aatever the cause 
of this difference, it cannot be a reduced uptake of sugar by the peripheral tissues 
following adrenalin since it will be shown below that, if an5'^thing, tliis is then greater 
than after pure glucose administration. One thinks of possible inhibition of insulin 
secretion by the injected adrenalin and a retarded reconversion of blood sugar to 
glycogen; but although such an inhibitory effect has been reported, a contraiy action 
has also been claimed for it, so that the effect obsen’^ed here will have to await ex- 
planation. 

Sugar uplahe. Without exception, arterial blood sugar level was always higher 
than that in venous blood leaving the hind leg; the average arterio-venous (A-V) 
difference for the 50 normals of this group of experiments was 21 mg. per cent; this 
represented an average rate of glucose retention by the leg tissues of 3.22 mg. per 
minute. 

The adrenalin and glucose hyperglycemias (+77 and -f 82 mg. % respectively) 
were accompanied by an increase in this transfer of glucose from blood to leg tissues 
(fig. i) : at the end of the 5-minute injection of adrenalin, the A-V difference increased 
to 45 mg. per cent, and glucose retention to 7.07 mg. per minute, or an increase of 
the latter to 220 per cent of normal; the corresponding figures at the end of the 5- 
minute glucose injection are 31 mg. per cent, 6.05 mg. per minute and 188 per cent 
of normal. Thus, if anything, the slightly lesser adrenalin hyperglycemia is ac- 
companied by a greater increase in the transfer of glucose to these peripheral leg 
tissues than is the slightly greater one resulting from glucose administration. Per- 
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haps there is nothing significant in this, but at least it demonstrates that adrenalin 
has no specific inhibitory effect on the uptake of blood sugar by the peripheral tissues 
dturing the development of its hyperglycemic effect. 

This latter is also true for the most part during the half-hour post-injection 
period. For the intervals 5, 15 and 30 minutes after the end of injection the figures 
are: adrenalin series: A-V difference, 28, 21 and 24 mg. per cent; glucose uptake, 4.37, 
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Fig. I. Effect of s-iunote intratcnous injection of adrenalin (0.004 mg/kg/min.) and 
of glucose (0.05 gm/kg/min.) on the circulation in and glucose retention and oxj^gen utilization by 
the hind leg tissues of dial-urethane (Ciba) anesthetized cats. For description see text. 

2.33 and 2.26 mg. per min.; per cent of normal, 136, 72 and 70; glucose series; A-V 
difference, 22, 22 and 20 mg. per cent; glucose uptake, 3.37, 2.84 and 2.00 mg. per 
min.; per cent of normal, 105, 88 and 62. Thus, except for the interval 15 minutes 
after injection, the transfer of sugar from blood to leg tissues continues to be greater 
after adrenalin than after glucose administration (fig. i). 

During this 30-minute after-injection period the blood sugar level is declining, 
but more rapidly after glucose than after adrenalin injection; and this better-sus- 
tained arterial sugar concentration after adrenalin might be a factor in maintaining 
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the just-mentioned greater transfer from blood to tissues which continues during this 
half-hour post-adrenalin as compared with the post-glucose period. On the other 
hand it could have been anticipated that in both series as soon as the hyperglycemias 
began to decline from their highest levels, the transfer of glucose would reverse and 
be from tissue to blood. This would be particularly expected if the increased blood- 
to-tissue transfer at the height of the elevated blood sugar levels is regarded as merely 
a physical equilibrium involving no increase in glucose metabolism or utilization. 
Whether or not it is of any significance in this connection it may be remarked, how- 
ever, that such a reversal was never seen during the post-injection periods of de- 
clining arterial blood sugar level; the A-V differences were always positive and the 
glucose transfer always from blood to tissue, even though the total transfer per 
minute had fallen, 15 and 30 minutes after injection, to only 88 and 62 per cent 
(glucose series) and 72 and 70 per cent (adrenalin series) of normal. This ultimate 
reduction to less than normal sugar uptake by the tissues may be linked mth the 
greatly reduced blood flow which occurred at this same time. 

Blood, flow. The average rate of blood flow through the hind leg for the 50 
normal determinations was 15.3 cc/min.; this agrees well with a previous average (i) 
of 16.4 cc/min. for 212 measurements of normal flow rate. 

Adrenalin ejfecl. At the end of the 5-minute intravenous injection of adrenalin 
at the rate of 0.004 mg/kg/min., flow rate was increased only 3 per cent for the 
average of the entire series of 25 experiments (fig. i); this is approximately of the 
same magnitude as, though somewhat less than the increase of 8 per cent as the 
average of the 44 experiments of the previous work, just referred to, in which adrenalin 
was injected at this same rate. 

The value of such confirmation resides chiefly in the fact that the effect on blood 
flow of adrenahn injected intravenously at the rate used here is, in individual in- 
stances, unpredictable; it may be increased or decreased. Further reassurance that 
the effects obtained are not entirely capricious but are following some pattern im- 
posed by the experimental conditions, such perhaps as varying depth of anesthesia 
or other factor or factors as yet unsuspected, is derived from the relatively constant 
proportion of decreases to increases: in the present work these were 36 and 64, in the 
former, 43 and 57 per cent, respectively. 

Some insight into the mechanism of this variability of response is afforded by 
the blood pressure, heart rate and leg plethysmograph records which were concur- 
rently obtained and the averages of which for the entire series are shown in figxrre i. 

Comparing those experiments m which blood flow was increased, with those in 
which it was decreased at the termination of the 5-minute adrenalin injection period, 
it is foimd that the plethysmographic change, measured as the deviation in milli- 
meters from the normal base-line, is practically the same in both groups. The 
change, as the average per cent of normal, for each minute of the 5-minute injection 
was for the 16 experiments in which blood flow was increased: 118, 65, 50, 42 and 
41; and for the 9 experiments in which blood flow was decreased: 104, 76, 48, 45 and 
57; thus, what difference there is in the average reaction of the two groups, indicates 
a slightly greater decrease of leg volume (vasoconstriction) when blood flow was 
increased. 

The cause of this increased blood flow in spite of slightly greater reduction in 
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leg volume is probably found in the average change in arterial blood pressure of the 
two groups. The averages for each minute of the s-minute injection period were, 
when blood flow increased: 8, 32, 46, $6 and 54 mm. Hg above normal; and when 
blood flow decreased: 3, 19, 25, 3 and i mm. Hg above normal; i.e., in the first group, 
blood pressure rises progressively during the first four minutes of injection and then 
steadies at a high level, 51 to 54 mm. Hg above normal; whereas, in the other, after 
reaching a maximum 25 mm. above normal during the third minute of injection it 
drops rapidly almost back to normal. 

The behavior of heart rate is also interesting during this s-minute injection 
period. The averages for each minute for the group in which blood flow was in- 
creased were, as deviations in beats per minute from normal: —2, — g, — 6, -l-ii and 
-{-14; for the group in which blood flow decreased: —12, —6, +8, +9 and zero; 
i.e., in both groups there is an initial cardiac inhibition as the blood pressure rise 
gets under way but this is more alert and severe in the latter group; in this group, 
too, the secondary tendency to increase in rate is quickly and effectively checked so 
that the rate is finally held at normal. 

In summary, two groups of effects during the last minute of a s-minute intra- 
venous injection of adrenalin are correlated as follows: in one group blood flow through 
the leg is increased; at this time arterial blood pressure is markedly elevated, heart 
rate is above normal and leg volume is decreased; in the other group blood flow in the 
leg is decreased, blood pressure and heart rate are either practically or entirely un- 
changed and there is slightly less decrease in leg volume. 

Not knowing of any previous results of just this nature, or, therefore of attempts 
to explain them, an h)q)Othesis may tentatively be advanced to account for them, 
or at least serve as a guide to fiurther work. We will assume that the ultimate 
cardiac and smooth muscle responses, cardiac acceleration and peripheral vasocon- 
striction, are probably not markedly variable for a fixed rate of intravenous adrenalin 
administration, and probably not markedly affected by chance variations of the 
fairly fixed conditions of these experiments. It seems altogether probable, however, 
that the nervous regulatory mechanisms, such as the moderator reflexes, might be 
significantly affected in sensitivity by such variations in duration or intensity of 
narcosis as might inadvertently occur from time to time in the same animal or es- 
pecially as between different preparations. If these were not depressed, any ten- 
dency of blood pressure to rise or heart rate to increase as a result of the peripheral 
action of adrenalin would be effectively countered by reflex cardiac and vasocon- 
strictor inhibition; the vasoconstrictor decrease in leg volume would be moderated 
and the cardiac acceleration and blood pressure rise, as a result of ‘over-shooting’, 
might for a time be completely abrogated. These are the conditions observed in the 
group of experiments in which as a consequence of the remaining peripheral vaso- 
constriction and the failure of arterial pressure to be elevated, the amount of blood 
driven through the leg per minute is diminished. On the other hand if the moderator 
reflex centers were sufl&ciently depressed, blood pressure and heart rate would in- 
crease with less effective counteraction and although peripheral vasoconstriction 
would remain even somewhat more intense than in the first group, the sizable ele- 
vation of pressure could drive even more blood through still patent channels so as 
to augment it even above normal. 
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This matter is dwelt upon at this length in a report whose chief interest is in 
the effect of adrenalin on tissue oxygen consumption because as will be seen below 
there is good e\adence that at least in large part its effect on this is secondary to 
that on blood flow. It is also a useful corrective for what seems to be the general 
opinion that the effect of adrenalin is either one thing or another; our experience has 
been that at least in so far as peripheral blood flow and oxygen consumption are 
concerned the effect under the usual experimental conditions is qualitatively variable 
precisely, as we suppose, because of the complex underlying interrelationships just 
reviewed. 

Glucose effect on blood flow. Glucose administered intravenously in the amount 
used here, 0.05 gm/kg/min. for 5 minutes, increased blood flow in the hind leg during 
the terminal part of the last minute of iniection from the average normal of 15.3 to 
19.5 cc. per minute or 28 per cent as the average of the entire series of 25 experiments 
(fig. i). By contrast, it will be recalled that the corresponding total average for the 
effect of adrenalin was the very slight increase of only 3 per cent. Also in contrast 
to the effect of adrenalin, that of glucose was more constant in that flow rate was 
increased in 20 of the 25 experiments; of the remaining five there was practically no 
change in two and for the three in which there was an actual decrease the average 
of —2.5 cc/min. was much less than the average decrease of 7.9 cc/min. for the 
nine of the adrenalin series in which this occurred. It may be said, then, that the 
effect of glucose administered intravenously in the amoxmt used here on blood flow 
in the tissues of the leg is predominantly to increase it and to a rather marked degree.- 

The mechanism of this increase can be deduced only in part from the concomi- 
tant records of blood pressure and leg volume (fig. i). Such change in blood pressure 
as occurred would contribute to it, but perhaps could not be considered its only 
cause for it can be seen that the average increase is only slight, +11 mm. Hg, as 
compared with the large increase of 44 mm. induced by adrenalin. As to why blood 
pressure should be increased at all, it is probable that the small amount of injected 
fluid, 0.5 cc/min. for 5 minutes, was without effect; nor, apparently, did the heart 
contribute to it, since after an initial depression of rate as the blood pressure rise was 
getting imder way it returned only to the pre-existing normal as the injection ended. 

It is seen however that during the 5-minute injection period, leg volume is 
progressively decreased and to almost as great an extent as by adrenalin. It is un- 
flkel}’’ that with glucose this decrease would be due to vasoconstriction. In fact, 
the contrary is suggested by the evidently active moderator reflex and cardiac in- 
hibition which obtains at least during most of the injection period. If there were a 
corresponding reflex constrictor antagonism of any degree or even if there were no 
vasomotor effect in the leg at all, the decrease in leg volume would have to be due 
to osmotic abstraction of water into the h3rpertonic, sugar-enriched blood. This 
seems theoretically likely and would explain the rise in arterial blood pressure as a 
result of hydremic plethora. In fact, in spite of contrary evidence this is the only 
mechanism we can think of; but it must be recalled in this connection, as mentioned 
in a previous section on blood hydration, that aU blood hemoglobin determinations 
indicated passage of water from blood to tissues; i.e., venous blood from the leg 
always had a higher hemoglobin concentration than the arterial blood going to it; 
and this trend was never reversed, but only reduced slightly below the normal value 
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by injection of glucose. It is therefore impossible from these data to account satis- 
factorily for the marked and almost unexceptional increase of blood flow in the leg 
which resulted from the injection of glucose; an alternative ex^planation based on the 
local vasodilator action of increased tissue metabolic rate will be more appropriately 
presented in a later section in connection with the effects on oxygen consumption by 
the leg. 

After effects. It is seen (fig. i) that five minutes after the injections were ended 
blood flow in both the adrenalin and glucose series had returned to the pre-existing 
normal value. Thereafter decline is continuous and almost uniform but slightly 
faster in the adrenalin series to final values approximately 60 per cent of normal 30 
minutes after injection. This is similar to the decline we have always observed 
during observation periods of this duration even in controls without any injection 
whatever and is probably attributable merely to the deteriorating condition of the 
animal as a result of the frequent blood sampling and other trauma. It can be seen 
that blood pressure shows a similar decline and heart rate is for the most part failing. 

The most interesting event during this half-hour post-injection period is the 
contrasting behavior of leg volume in the adrenalin and glucose series. After adrenalin 
the volume returns to, and slightly above normal shortly after the injection has 
stopped and falls below normal only toward the end of the half-hour period. After 
glucose, on the other hand, the sharp initial decrease in volume dturing the injection 
is followed by a continued decline at a lesser but steady and unbroken rate until the 
end. If decrease of leg voliune in this case is due to osmotic attraction of water 
from tissues to blood, this evidence would indicate a rather slower equilibrium than 
might have been anticipated; if it is not due to this (and see objections above) we 
have no explanation for it. 

Blood pressure, heart rate and leg plethysmograph. The only interest these 
have for the present is the insight they might afford as to the mechanism of blood 
flow change in the leg. As such they have been used in the preceding section on 
Blood flow and will receive no further consideration here. 

Oxygen utilization by the leg tissues. It may be recalled that the impetus 
behind this work was a previous observation that although glucose uptake by leg 
tissues was invariably largely increased during an adrenalin hyperglycemia, their 
oxygen utilization was not, but appeared to be related rather to the effect of adrenalin 
on the circulation in the leg. Since there was existing evidence that a carbohydrate 
plethora from intravenously administered glucose could by itself stimulate the oxygen 
utilization of peripheral tissues (specific dynamic action) it became desirable to know 
whether the increase in the amount of glucose getting into the tissues to serve as 
stimulus was less when the hyperglycemia owed its origin to adrenalin, than when it 
resulted from glucose administration alone; and also whether oxygen utilization by 
the leg tissues following glucose administration would have any relation to altered 
blood flow as after adrenalin. 

The first of the above questions has been answered in a previous section where 
(and also see fig. i) it was shown that from almost exactly equal hyperglycemic levels 
the sugar uptake by the leg tissues was actually greater (220% of normal) when the 
hyperglycemia was due to adrenahn than when due to glucose alone (188% of normal). 
Therefore from the point of view of tissue carbohydrate plethora and stimulus, alone. 
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glucose specific dynamic action should be greater in the adrenalin than in the glucose 
series. 

It will now be seen that not this, but its reverse is true. For each group as a 
whole (average of 25 experiments each) oxygen consumption was increased at the 
end of the 5-minute intravenous injection of adrenalin only 5 per cent; at the end of 
the 5-minute intravenous glucose injection the increase is 19 per cent; i.e., the con- 
siderably greater increase in sugar uptake (adrenalin) is associated with a ver}’’ small 
increase in oxygen consumption, whereas the lesser increase in tissue sugar retention 
after glucose administration is accompanied by a marked increase in oxygen 
utilization. 

Correlation of oxygen utilization with blood flow, however, corroborates our 
previous observation and is, for the total averages, as follows: glucose hyperglycemia 
is accompanied by an increased leg blood flow of 28 per cent and leg oxygen con- 
sumption of 19 per cent; and for the adrenalin hyperglycemia the corresponding 
figures are 3 and 5 per cent, respectively. 

It win be recalled that neither adrenalin nor glucose administration were in- 
variable in their effects on leg blood flow. With adrenalin, flow rate was increased 
in 16 and decreased in 9 experiments; and for the glucose series the corresponding 
figures were 20 and 5, respectively. In all but one of the 16 in which adrenalin in- 
creased flow rate, oxj^gen utilization increased also; and in only 2 of the 9 in which 
flow rate decreased did oxygen consumption fail to decrease also. Likewise in the 
20 experiments in which flow rate increased as a result of glucose administration, 
oxygen consumption failed to increase in only 5 and these were rather in the range of 
no significant change than of definite decreases; and in the 5 experiments in which 
flow rate decreased with glucose injection, oxygen utilization also decreased in 3, 
with, again, the 2 exceptions being rather in the class of no marked change than of 
definite increases. 

This correlation between blood flow, rather than glucose uptake, and leg tissue 
oxygen consumption is further exemplified by the post-injection trends of these tliree 
variables; as shown graphically in figure i the rates of decline of flow rate and oxygen 
utilization are very similar in these deteriorating animals while the course of change 
in sugar uptake is quite different. 

It seems necessary to conclude therefore that the failure of an adrenalin h3q)er- 
glycemia to be accompanied more generally and to a greater degree by increased 
oxygen utilization by peripheral tissues than is hyperglycemia resulting from glucose 
injection, is not due to a reduction by adrenalin of the amount of stimulating blood 
sugar which reaches and is retained by the tissues. Rather, what seems determinant 
for oxygen consumption is blood flow. Both as a rule are decreased and increased 
together; and since the effect of glucose alone is to cause a much greater average 
increase in leg blood flow it is also accompanied by a much greater average increase 
in leg tissue oxygen utilization. 

The actual mechanism underlying these correlations may tentatively be sug- 
gested as follows: increased influx of glucose into the tissues of the leg stimulates 
their respiratory metabolism, i.e., has its usual specific djmamic action. Increased 
carbon dioxide formation could cause local vasodilatation thus providing a major 
factor for the increased blood flow following glucose infusion as well as an increase 
in the oxygen supply to the tissues commensurate with their new metabolic state. 
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If adrenalin in the amount used here is present in the blood reaching the leg tissues, 
vasoconstriction of varying degree depending on local conditions may be safely pre- 
supposed at least for these quiescent anesthetized animals; the effect might be quite 
different under conditions of normal and especially of emergency activity. Arteriolar 
constriction could be sufficient to block the passage of red cells but still permit a flow 
of plasma of high glucose content, the plasma skimming obsen’^ed by Hartman el al., 
(8). Passage of glucose into the tissues might then be equal for the short-time period 
used here to that in the previous instance, but oxygen for its oxidation would not 
reach the tissues at the same time. Such would be the most extreme case; but since 
this local reaction in the leg would conceivably be of almost any degree of intensity 
and since arterial perfusion pressure following general intravenous administration 
may also be increased over wide limits the net result as has been seen will necessarily 
be variable. And the offiy generahzation that could safely be made would be that 
blood flow and oxygen utilization under the influence of glucose alone "would very 
likely be more generally increased and to a greater degree than when adrenalin is 
present at the same time. And this could be used as a statement of the main con- 
clusion to be derived from this work. 

It may be emphasized again that this conclusion is intended to apply only to 
the conditions of these experiments. If adrenalin were employed in minimally effec- 
tive and vasodilator or maximally constrictor dosages or if instead of being quiescent, 
anesthetized and progressively moribund the animals had been in more normal phys- 
iological condition, the results might be expected, from generally accepted premises, 
to be quite different. 

SUMMARY 

Intravenous injection into dial-urethanized cats of adrenalin at the rate of 0.004 
mg/kg/min. for 5 minutes and of glucose at the rate of 0,05 gm/kg/min. for 5 min- 
utes produced h3T>erglycemias of marked average similarity: -I-77 and +82 mg. 
per cent respectively. From these hyperglycemic blood sugar levels glucose transfer 
from blood to leg tissues was increased 120 and 88 per cent by adrenalin and glu- 
cose, respectively; so that adrenalin at least did not inhibit this effect. 

The average effect of adrenalin on blood flow through the leg was to increase 
it 3 per cent; of glucose, 28 per cent. Both might in individual instances cause 
either an increase or a decrease; but after glucose the increases were more common 
and of greater degree. Oxygen utilization by the leg tissues followed the change in 
blood flow rather than of glucose uptake; thus, glucose injection increased it 19 per 
cent and adrenalin injection only 5 per cent. 

Records of arterial blood pressure, heart rate and leg volume (plethysmograph) 
were obtained and used in an effort to account for the observed changes in leg blood 
flow. 
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I T has been recognized for some time that a relationship exists between the func- 
tional state of the thyroid gland and the secretory and motor activity of the 
stomach. One of the early observations was made by Friis Moller in 1914 
(i) who noted that anacidity was common in patients with h5^erthyroid disease. 
The feeding of thyroid substance to dogs (2) and rabbits (3) has been reported to 
dimmish gastric secretion. Gastric motor actudty appears to be augmented in dogs 
fed thyroid substance (4) and this effect is not altered by vagotomy (5). Truesdell 
(2) working with Pavlov pouch dogs observed marked reduction of acid secretion 
after feeding desiccated thyroid and opined that some disturbance of the nervous 
control of gastric secretion had occurred. Several thy ro-gas trie relationships have 
been described in the clinical literature. Increased incidence of peptic ulcer in con- 
nection with hypothyroidism and the converse have been noted (i) as well as success- 
ful therapeutic use of desiccated thyroid in hyperacidity and peptic ulcer (6). On 
the other hand Friedenwald and Morrison state (7) : “The gastric acidity is usually 
diminished in hypoth}T:oidism more frequently than in hyperthyroidism.” 

It was decided to investigate the effect of alterations of thyroid activity upon 
the gastric response to histamine as measured by the experimental production of pep- 
tic ulcer. 


METHODS 

Seventy-five male guinea pigs were used in this investigation. A commercial 
ration, fortified with ascorbic acid, and water were allowed ad libitum and the animals 
were kept in a room maintained at 27° ± i°C. 

Basal metabolic rates are expressed as Cal/hr/kg. f and were determined in a 
modified Haldane apparatus (8) just prior to histamine treatment. 

Since the metabolic rates were determined on groups of 6 animals, the presence 
of an atypical individual, e.g. an animal with incomplete thyroidectomy, might be 
reflected as a small error in the group average. Body weight records revealed, how- 
ever, that all animals reacted, grossly at least, in a manner typical of the altered thy- 
roid function. 
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Histamine was administered intramuscularly in the form of a suspension in bees- 
wax and mineral oiP (9, 10). It was given in two equally dhdded doses totaling i mg/ 
100 gm. of body weight per 24 hours. I^Tien benadryl (beta dimethylamino-ethyl- 
benz-hydryl ether hydrochloride) was used to protect the animals against the acute 
toxic effects of histamine, it was administered intraperitoneally, 30 minutes before 
each administration of the histamine suspension, in a dosage of i mg/ioo gm. of 
body weight. This dosage of benadryl has been shown to be more than adequate to 
protect, guinea pigs against 5 or 6 times the lethal doseioo of histamine adminis- 
tered intravenously (ii). 

Natural crystalline th3T:oxine (Squibb) was given in a dosage of o.i mg. subcuta- 
neously every other day. Desiccated thyroid was given orally in doses of 30 mg. 
daily and carefully washed down with water. Thiomracil was given ad libitum in the 
form of a o.i per cent solution in place of drinking water. Th)a’oidectomy was per- 
formed under ether anesthesia and the gland totally extirpated with preservation 
of the parathyroids. The animals were permitted a six-week recovery period before 
the B.M.R. was measured and histamine treatment begun. 

In all cases medication was continued during the histamine administration. The 
end point of the experiment was death, due to either perforation of a peptic ulcer with 
consequent general peritonitis or acute histamine poisoning. Those animals failing 
to expire after 21 days of histamine administration and which, on post-mortem ex- 
amination, presented no evidence of peptic ulcer were considered ‘histamme resist- 
ant’. 

Time was measured in hours from the first histamine injection to the time of 
death. All animals were autopsied and microscopic examination made of the organs 
of animals of each group. During the course of the work the animals were exam- 
ined at such intervals that a maximum delay of four hours in noting death was 
possible but, in general, it was less than two hours. 

Various experimental procedures were carried out on groups of animals as follows: 

Group I: p aiiimals. Average body weight 460 gm. Basal metabolic rate was measured and 
the histamine injections begun. 

Group II: S animals. Average body weight 451 gm. These animals were treated like those of 
Group I except that benadiyl was administered 30 minutes before each injection of histamine suspen- 
sion. 

Group III: ii animals. Average body weight 490 gm. These animals were thyroidectomized, 
allowed a 6-week recovery period and then treated like Group I. 

Group IV: ii animals. Average body weight 484 gm. These animals were premedicated for 
6 weeks with thiouracil and then treated like Group I. 

Group V: 12 animals. Average body weight 504 gm. Natural crystalline thyroxin as de- 
scribed was given for 6 weeks before histamine injections were begun. 

Group VI: 12 animals. Average body weight 440 gm. This group was treated like Group V 
except that benadryl protection was given as described for Group II. 

Group VII: 6 animals. Average body weight 430 gm. These animals were given desiccated 
thiTToid as described for 6 weeks before histamine injections were begun. 

Group VIII: 6 animals. Average body weight 510 gm. These animals, too, were given desic- 
cated th}Toid and treated like those of Group VII but in addition were given benadrjd protection as 
described. 


* Histamine-Beeswax w-as a ^t from Hoffman-LaRoche, Inc., Nutley, N. J. 
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RESULTS 

Table i summarizes the results obtained with Groups I to IV. Groups V and VII 
were both made hyperth3T:oid and may be considered jointly. The metabolic rates 
for Group V (thyroxin) and Group VII (desiccated thyroid) were 31 per cent and 17 
per cent, respectively, above the value for Group I. Every animal in both groups 
died within half an hour after the first histamine injection. These animals in all 
cases exhibited the typical manifestations of acute histamine poisoning and, of course, 
no evidence of peptic ulcer. This response to the suspension of histamine, which pro- 
duced no acute reactions in most normal and hypothyroid animals, was so dramatic 
and definite that it was decided to attempt protection of later hyperthyroid groups 
with benadryl. 

Groups VI and VIII may also be considered together. These hyperthyroid ani- 
mals were given benadryl in the hope that fatal reactions to histamine might be pre- 
vented and thus permit the usual observation of the development of perforated pep- 
tic ulcers. The sundval time was increased but the animals, nevertheless, died 
before the typical ulcer endpoint was reached. All of the animals succumbed to 
acute histamine poisoning shortly after one of the first seven injections of histamine, 
i.e. within 74 hours. Of the 18 animals in Groups VI and VIII, 9 died within 12 
hours after histamine dosage was begim, 5 more died in the next 48 hours and the 
last 4 animals died at 74 hours. Among the 4 succumbing to the seventh injection 
only two had nonperforated peptic ulcers. The remaining 16 animals failed to ex- 
hibit any signs of ulcer. 


ST.A,TISTICAL ANALYSIS 

Application of the test and ‘Student’s ’ chart to the data on survival times- 
yields the following comparisons among the first four groups: 


GSOUP 

IV 

III 

ir 

I 

t = 0.79 

t = 3-43 

t = 0.706 


P = 0-45 

p = 0.004 

p = 0.48 

II 

t = 0.044 

t = 2.251 



P = 0.97 

p = 0.040 


III 

t - 2.32 




p = 0.033 




Thus there are significant differences between groups I and III, II and III and 
III and IV. Since the animals in Groups V, VI, VII, and VIII died rather promptly 
of acute histamine poisoning they did not lend themselves to a similar analysis. 

TISSUE EXAMINATIOir* 

All of the animals that died of perforated ulcer with peritonitis — Groups I, II, 
III, IV — showed the familiar pathology of an acute and fulminating type of pep- 
tic ulcer of the stomach or duodenum, with no discernible gross or histological dif- 
ferences among specimens from the different groups. 

The animals that died of acute histamine poisoning — Groups V, VI, VII, VIII — 

* The ■writers arc indebted to Dr. Wm. B. Hawkins, of the Department of Pathologj'’, for 
confirmation of the tissue examinations. 
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also showed unilorm changes among themselves, consisting of pulmonary hemorr- 
hages, areas of pulmonary atelectasis and meningeal hemorrhages. There were 
no discernible gross or histological differences among specimens from the different 
groups. The pathology seen in these animals also did not differ from that seen in 
control animals not pre-treated with th5n:oid substance which were killed by an over- 
dose of histamine for purposes of comparison. The animals treated with thiouracil 
showed the characteristic goitrous changes. 

DISCUSSION 

Thyroidectomy obviously accelerates the rate of development of histamine- 
induced peptic ulcer. The data presented do not permit the conclusion that the per- 
forated ulcers were caused only by excess gastric acid secretion but it seems likely that 


Table i. Effect of thyroid AcriviTy on histamine-induced peptic ulcer 


GROUP 

Hffi-msTAinNE 

TEEATMEirr 

BUR, 
CAL/HE/ 
KG >/< 

MEAN 
SURVIVAL 
TIME, HRS. 

CAUSE OF DEATH 

EEltARKS 

/ (9)^ 

None 

3-38 

i6x ± 35- 

Perforated peptic 
ulcer with peri- 
tonitis 

2 survivors, hista- 
mine-resistant, no 
ulcer’ 

II (8) 

Benadryl 


123 ± 35 

Perforated peptic 

ulcer with peri- 
tonitis 

I survivor, hista- 
mine-resistant, no 
ulcer’ 

III (ii) 

1 

TbjToidectomy 

2.94 

56 ± 8 

Perforated peptic 
ulcer nith peri- 
tonitis 

I survivor, hista- 
mine-resistant, no 
ulcer’ 

IV (ii) 

Thiouracil 

2.8s 

125 ± 29 

Perforated peptic 
ulcer with peri- 
tonitis 

I survivor, hista- 
mine-resistant, no 
ulcer’ 


* Number of animals. - Standard Error. ® Histamine-resistant animals were not in- 
cluded in calculations of mean survival times. 


it was an important factor. The failure of benadryl to influence the course of ulcer 
induction confirms the work of other workers (12). 

A sharp contrast in survival times is demonstrated between the thyroidecto- 
mized animals and those pre-treated with thiouracil. In both groups the depriva- 
tion of thyroxine or its inactivation was reflected in the fall of metabolic rate, gain in 
weight, decreased physical acthdty and growth of coat. These results suggest that 
the thyroid gland in addition to its role of energy metabolism regulator, possesses a 
function which is related to gastric secretion and possibly to resistance of the gastric 
mucosa to erosion. The data at hand do not permit a decision as to whether this func- 
tion depends upon the anatomical integrity of the gland or upon its production of a 
specific substance other than th3Troxine. It is interesting that thyroxine induces an 
increased secretion of intestinal juice which persists long after the effect on energy 
metabolism has subsided (13). From a consideration of the data now available it 
appears as if the thyroid gland exercises some sort of control over the ‘acid-base 
balance’ of the gastrointestinal tract. 
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No other account has been found of histamine sensitivity as a manifestation of the 
hyperthyroid state. One can only speculate on its relationship to the frequen(y of 
pneumonia and to the skin sensitivity seen in h5q)erthyroid subjects. 

SUMMARY 

The frequency, time of development, course, outcome and pathology of histamine- 
induced peptic ulcer in the guinea pig is unaffected by the administration of bena- 
dryl. Removal of the thyroid gland, with preservation of the parath)n:oids, reduces 
significantly the time required for perforation of histamine-induced peptic ulcer. 
Thiouracil in amounts adequate to produce depression of the B.M.R. and charac- 
teristic goitrous changes does not produce any significant variation from normal in 
frequency, development, course, outcome or pathology of histamine-induced peptic 
ulcer. The difference between this group and the thyroidectomized group is quite 
distinct. Guinea pigs made hyperthyroid by the administration of desiccated thy- 
roid by mouth or ciy^stalline thyroxine parenterally in amounts adequate to cause a 
rise in metabolic rate, loss of weight, h3q)eractivity and loss of hair, show a striking 
hypersensitivity to acute histamine poisoning. On this account it was impossible 
to investigate the effect of the h3p)erthyroid state on the formation, course or out- 
come of histamine-induced peptic ulcer. 
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EFFECT OF DIET ON LR^ER REGENERATION IN 
PARTIALLY HEPATECTOMIZED RATS 

EDWARD NEWMAN, M. I. GROSSMAN and A. C. IVY 
From llie Department of Clinical Science, University of Illinois, College of Medicine 

CHICAGO, ILLINOIS 

I N A recent article Denton and Ivy (i) reported that a liver diet enhanced liver 
regeneration in partially hepatectomized rats. These investigators found 
that liver restoration was faster in a liver-fed series of rats than in a control 
series on stock diet (Purina Chow). The present study was undertaken to determine 
whether the increased rate of regeneration in Ivy and Denton’s investigation was 
primarily due to the high protein content of liver or to a specific substance in the 
liver. 

METHODS 

White male albino rats weighing from 225 to 325 gm. were used. All the rats 
were pre-fed a specific diet for 3 days prior to surgery. On the fourth day the ani- 
mals were weighed and surgery was performed. With the aid of ether anesthesia 
the anterior abdominal wall was shaved and a mid-line incision was made. The 
left lateral and median lobes of the liver were isolated and freed from their ligamental 
attachments to the stomach and diaphragm. A small hemostat was placed upon 
the branches of the hepatic vein and artery supplying these two lobes. The pedicle 
of these lobes was ligated and transected and the abdominal wall closed with two 
layers of black silk. The removed segment of liver was weighed moist after surgery 
and then placed in an oven at ioo°C. The liver was desiccated for a period of 3 
days or until a constant diy weight was obtained. Following surgery all animals 
were again placed on the same diet they were fed prior to surgery. Feeding was 
ad libitum. On the nth day post-operatively all animals were killed. The body 
weight was recorded, the regenerated liver removed, weighed moist and then placed 
into the oven to be desiccated. 

The 5 diets used were as follows: 

Did I. 60 per cent casein synthetic diet. 

Did 2. 60 per cent powdered whole liver diet. The whole pow’dered liver used in this diet was 
manufactured b}’ VioBin Corporation, Monticello, Illinois. This product is a whole, defatted 
drj’ hog liver, processed at 37°C. 

Did 3. 60 per cent casein diet with Lilly’s 343 Liver Extract. The amount of ‘343’ to be added 
to the balanced diet was calculated from the average amount of coagulated liver consumed by 
a 250 to 300-gin. rat each day. This was about ii gm/daj’. Each gm. of raw hog’s liver 
yields 0.0425 gm. of ‘343’ liver c.xtract. Therefore, in our diet for everj' 10 gm. of tlie 60 per 
cent casein diet 0,425 gm. of liver extract was added. 

Did 4. Coagulated beef heart hfinced fresh beef heart boiled in a small quantity of water for 2 to 
3 minutes. 

Received for publication Februaij* 10, 1949. 
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Did 5. Coagulated liver diet. This consisted of fresh coagulated hog’s liver. The liver was diced 
and submerged in boiling water for a period of 2 or 3 minutes. We found it necessary to use 
coagulated liver because fresh liver when allowed to stand in the animal cages for a period of 
S to 6 hours putrefied at such a fast rate that the animal refused to eat it after a short period. 


Our synthetic diet (Diels i, 2 and 3) included the following substances: dex- 
trose, 17 per cent; cod liver oil, 3 per cent; brewer’s powdered yeast, 8 per cent; 
U. S. P. salt mixture, 5 per cent; commercial lard, 6 per cent; and protein (casein or 
powdered liver) 60 per cent. 

In computing the data, rats that lost over 10 per cent of their total body weight 
during the ii-day period from the time of surgery to time of death were not included 
in the statistical analysis. 

The rate of liver regeneration has been computed in three different ways: 
i) the ratio of liver weight to body weight at necropsy; 2) absolute increment in 
liver weight during the ii-day postoperative period; and 3) increment in liver weight 
relative to the amount of liver left in at the time of surgery. All computations were 
made on the basis of dry liver weight. The moisture content of the liver showed no 
significant variation in any of the groups studied. 

The weight of the liver left in at the time of surgery was calculated by multiply- 
ing the liver weight removed (dried) by the factor 0.46. This factor is derived from 
the fact that on the average the left lateral and median lobes comprise 6S.5 per cent 
of the total liver mass. The accuracy of this percentage has been checked by several 
investigators including Higgins and Anderson (2) and Denton and Ivy (i). Thus, 
if 68.5 per cent of the liver (left lateral and median lobes) is removed, 31,5 per cent 

of liver mass remains in the living animal, giving = 0.46 (factor). From the 

08.5% 

liver weight at the time of death is subtracted the liver weight left in at the time of 
surgery to give the value called the absolute increment. 

Relative increment is calculated by dividing the increase in liver weight between 
the time of partial hepatectomy and the time of death (ii days later) by the liver 
left in at the time of surgery. Thus, tlie relative increment is equal to the number of 
gm. of liver regenerated per gm. of liver left in at the time of surgery. 


RESULTS AND DISCUSSION 

The results are summarized in table i. It will be noted that the coefficients of 
variation in each group are smaller for liver weight/body weight ratio (LW/BW) 
than for the absolute or relative increment. The absolute increment does not take 
body weight into account. The relative increment takes body weight into account 
indirectly by relating the increment to the weight of the liver left at the time of 
hepatectomy. However, we have calculated for all 5 groups the correlation coef- 
ficients for the relation of weight of liver left at time of hepatectomy to magnitude 
of increment and found no evidence of a correlation between these values (the 
correlation coefficients were: -j-o.ii, -f-0.15, —0.29, -+-0.32, —0.43). The validity 
of the use of the liver weight/body weight ratio is supported by our failure to find a 
significant correlation between this ratio and the body weight itself, indicating that 
the value of the ratio is independent of the body weight within the range of weights 
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studied here. The correlation coefficients of the relation of body weight to the 
ratio LW/BW for the 5 groups were: —0.19, —0.60, —0.55, —0.82, and —0.25. 


TiU3I.E I. R,ir£ OF LIVER REGENERATION IK RATS OK VARIOUS DIETS 


CBOUr RO. AND DIET 

N*o. or 

HATS 

BODY vrr, 

AT TIME or 
! nrrATECTOiiY 

ADSOtUTE IN'CRE- 
yiZST IS DRY \VT. 
OT 

kebati\t: ikcee- 

IIENT I.V DRY WT. | 

or luxR 

ew/bw ratio 

AT NECKOrSV 
(X 10') 

I. 60% casein 

9 

! 

273 ±6.8 
i c = 7.0% 

i 

1.74 ±0.8 

C = 12.6% 

1. 91 ±1.0 

c = is-=% 

j 

lOI ±3.0 

c = 8.4% 

2, 60% powdered liver 

■ 16 

1 

288 ±6.0 
c = 8.3% 

1 

2.21 ±o.oS 

C = 14 - 0 % 

1 

2.59 ±0.10 

C = 16.2% 

iro ±2.9. 
C— 10.0% 

Dtjjcratcc hchcccn groups 
and 2 

1 

■BU 

+ 0-47 
t = 


+9 

t = 2.16* 

3. 60% casein with liver ; 
extract 

9 

292 ±8.3 

C -= 8.6% 

1.37 ±0.06 

C = 14.6% 

1.71 ±0.06 
c = :i. 7 % 

8r ±2.5 

C = 8.6% 

Dijjcrcnce betu’cen groups 
and 3 

X 

+19 

t = 1,8 

-0.37 

t = 3.7** 


— 20 

t = 5.2** 

4. Whole beef heart 

6 

314^:2.9 

C = 2.2% 

t.71 ±0,06 

C = S.8% 

1. 71 ±0.13 

C = 18.1% 

89 ±2.4 

C = 6.6% 

DiJjcrencc bchcccn groups 
and 4 

I 

+41 

t = 5 - 3 ^* 

—0.03 
t = 0.3 


— 12 

t = 3.0** 

5, Whole liver 

X 3 

293 ±7.0 

C = 8.2% ' 

2.15 ±0.07 

C = 11.2% 

2.28 ±0. 10 

C = 16.7% 

1:2 ±2.2 

1 c = 7.3% 

Dijjcrcncc between groups 4 
and 5 

+ 21 

t >= 2.1* 

+0.44 

t = 4.0** 

+ •057 
t = 3.2** 

+23 

t == 6.2** 


The values in this table arc mean values with their respective standard errors. C = coef- 

s 

ficient of variation (C = r X roo) where s is the standard deviation of the distribution and .v is the 


mean; t values have been calculated from the formula t 


- i A>" 
""t (ni- 


- (ni + n: — 2) 


where x is the 


. “h n») S x" 

difference between the two means being compared, nt is the number of items in the first group 
and m the number in the second group and Sx- is the pooled sum of the squares of deviations of the 
items from their respective means. 

A single asterisk after a t value indicates that the value is statistically significant at tJic 5% 
level of probability, a double asterisk at the 1% level and no asterisk indicates tliat a difference as 
great or greater tlian the one observed would be expected to occur by chance due to random sampl- 
ing error oftener than s times in 100 similar experiments. 


While these values as a group do not indicate a signilicant correlation, the fact that 
they are all negative is suggestive and it is probable that if a wider range of weights 
was examined a significant negative correlation would result. This would suggest 
that the rats with lower body weight tend to I'egenerate liver faster. 
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Inasmuch as the differences which are of greatest interest are statistically sig- 
nificant by all the criteria for measuring regeneration, the relation of a single cri- 
terion is not critical in this study. However, the above analysis suggests that 
LW/BW may be useful for future studies, perhaps with a correction factor for 
body weight. 

The results presented in table i confirm the findings of Denton and Ivy in re- 
gard to the enhancing action of whole fresh liver diet on liver regeneration. In 
addition they reveal that this same beneficial effect is exerted by powdered whole 
liver incorporated into a synthetic diet. In each case, a comparison with another 
diet of equally high protein content (whole beef heart or synthetic diet with casein) 
shows that the effect cannot be attributed to the high protein content of the diet. 
Denton and Ivy found crude liver extract parenterally to be ineffective in promoting 
liver regeneration. Our studies show that crude liver extract is ineffective also 
when given orally. In fact, it tended to inhibit regeneration. As in the studies 
of Denton and Ivy (i), no gross or microscopic evidence of fattiness of the liver was 
present with any of these diets. 


SUMMARY 

In partially hepatectomized rats on a balanced synthetic diet, liver regeneration 
was more rapid in the animals fed a diet containing powdered whole liver as the 
source of protein than in those on casein. Similarly, freshly cooked whole pig’s 
liver was superior to freshly cooked whole beef heart in supporting liver regeneration. 
A supplement of crude liver extract in the diet failed to enhance liver regeneration. 
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CONTROL OF LIVER REGENERATION AND NUCLEIC ACID 
CONTENT BY THE THYROID, WITH OBSERVATIONS 
ON THE EFFECTS OF PYRIMIDINES' 

ATTILIO CANZANELLI, DAVID RAPPORT and RUTH GUILD= 

From the Department of Physiology, Tufts College Medical School 
BOSTON, SIASSACHUSETTS 

I T WAS stated by Higgins (i) that feeding desiccated thyroid enhances the 
regeneration of livers in rats after removal of 75 per cent of the organ. The 
administration of thyroid was not begun until the day of operation, and no 
effects were noted until 7 to 14 days afterward, the liver being 20 per cent larger than 
in the control group at the end of 4 weeks. As Fogelman and Ivy (2) point out, how- 
ever, liver regeneration is normally practically complete before the observed differ- 
ences occur, hence it is doubtful if this can be called an effect on regeneration. It 
is, of course, true that an effect on liver size was demonstrated, and this is confirmed 
by the fact that unoperated animals under thyroid medication also showed liver 
hypertrophy. A similar effect induced by thyroxin injection upon the size of nor- 
mal liver was observed by Sternheimer (3). The opposite condition — ^hypothyroid- 
ism — was investigated by Drabkin (4) who found that in the thyroidectomized rat 
liver regeneration, 14 days after lobectomy, was of smaller magnitude than normal, 
but “was not strikingly interfered with.” 

The results which we are here reporting show that thyroid medication signifi- 
cantly enhances, and that (at least in young animals) thyroidectomy significantly 
depresses liver regeneration. In view of the goitrogenic action of certain thiopyrimi- 
dines the effect of administering these was also investigated, another purpose in 
doing so being the relation of pyrimidines to the nucleic acids, and the possible com- 
petitive inhibition of these by the thiopyrimidines. It was found that pyrimidines 
have no effect, but that thiopyrimidines are capable of depressing regeneration; 
and that the latter effect is not due to suppression of thyroid hormone formation. 

METHODS 

Inbred rats of the Wistar strain, varying in age from 2 to 6 months, according to the nature of 

the experiment, as indicated later, were used. Sex appeared to have no influence on the results. 

Partial hepatectomy was performed by removing the left lateral and median lobes. It was first 

noted by Higgins and Anderson (5) in 1931, and amply confirmed, that this removes with sufficient 

constancy about two-thirds of the liver. The amount of regeneration can be variously calculated; 

, „ . wt of liver at autopsy — \ amount removed 

we have used the followmg formula; % regeneration = 

amount removed 

X 100. 


Received for publication February 3, 1949. 

1 A preliminary report of this work was made at the Meeting of the American Physiological 
Society, Minneapolis, Sept, i, 1948. 
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Institute of Health, U. S. Public Health Service. 
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This represents, in percentage, approximately the amount of removed liver replaced by new 
tissue. 

All surviving animals were killed 96 hours after lobectomy, this being chosen because at this 
time the most rapid phase of regeneration has been completed. The standard diet consisted of 25 
per cent casein, 50 per cent'sucrose, 20 per cent Crisco, 5 per cent salt mix (Phillips and Hart, 1935); 
Vipenta, 0.5 ml/kg. There is esddence of a somewhat conflicting nature that diet aSects liver regen- 
eration, and it was therefore necessary' to avoid this variable. The experimental animals were not 
‘pair fed’ with their controls, but the amount eaten by each animal was noted, and the diet of the 
control group held down to approximately the same level. We have not included the evidence in 
tables, but wish to say that there was no significant statistical deviation in the amounts of food eaten 
by the control and experimental groups, and that the changes of weight in the animals were also of 
the same approximate order. We therefore are confident that the results are not afilected by these 
particular variables. 

Care was taken that any group of experimental animals should be of similar age as their con- 
trols, since animals before maturity (i.e. younger than 3-4 months) regenerate liver more rapidly 
than older animals. This will appear later. 

Thyroid was administered in the form of the desiccated gland, mixed with the food when given 
in large amounts (500 mg/day), introduced directly into the back of the mouth when given in small 
amounts (3.5 mg/day). After some experimentation the pyrimidmes and thiopyrimidines were 
administered as 1 per cent by weight of the diet, mixed writh the food. All of these substances were 
given for either 10 or 20 days before hepatectomy (as hereinafter indicated) as well as during the 
four-da}’ period of regeneration. 

Nucleic acids were determined according to the method of Schmidt and Thannhauser (6) and 
expressed in terms of phosphorus. 


RESULTS 

Effects of Thyroidectomy and Thyroid Administration. In table i, it will be 
seen, that in 4- to 6-month-old. rats the regeneration 96 hours after lobectomy on a 
restricted diet is 62 ±2.7 per cent (on an ad. lib. diet this would in animals of this 
age be considerably higher). In animals thyroidectomized six weeks earlier, though 
slightly lower, it is not significantly different. WTien dried thyroid is given, how- 
ever, in amounts that are sufi&cient to produce definite hyperthyroidism (500 mg. 
dried thyroid, per rat of 200-300 gm/day for 10 days), there is a significant increase 
in the rate of regeneration, amounting to 77 per cent at the end of the four-day period. 
In thyroidectomized animals given this amount of thyroid, the chemical picture was 
similar to that of the normal animal which had been made hyperthyroid by medica- 
tion; but none of the 7 animals studied survived partial hepatectomy. 

The ribonucleic acid fraction (PNA) is somewhat diminished in the pre-lobec- 
tomized liver six weeks after thyroidectomy, but is not affected in the regenerated 
liver; the desoxyribonucleic acid (DNA) fraction is unchanged, ^¥hen the normal 
animal is given large amounts of thyroid, hov/ever, there is a considerable increase 
in the nucleic acids, especially the PNA fraction, in both the pre-lobectomized and 
regenerating liver. , 

After thyroidectomy, the water content of the regenerating liver is slightly re- 
duced, as is the nitrogen content. On the other hand, thyroid administration, 
while it has no effect on the w’ater content, significantly increases the percentage 
of nitrogen in both the pre-lobectomized and regenerating organ. This is in accord 
with the obser\'’ations of Sternheimer (loc cit.) on the protein content of normal 
liver after thyroxin injection. On the whole, then, in this age group thyroidectomy 
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induces somewhat ^ equivocal results, while after heavy dosage of thyroid, effects 
occur indicating increased capacity for regeneration, as well as mobilization of pro- 
teins, including nucleoproteins. 


Table i. Relation of TEnmoiD and TmopyRonDiNE effects (4- to 6-month-old animals) 



PRE-XOBECTOSIIZED LIVER 

BEGENESATED LIVER (96 HOURS) 

Nucleic acids 

Dry wt. 

Total 

N 

Nucleic acids 

Dry wt. 

Total 

N 

Regen- 

eration 

PNA 

DNA 

Total 

Wet wt. 

PNA 

DNA 

Total 

Wet wt. 


mg, F/ioo-gm. wet wl. 


% 

mg. F/ioo-gm. 

we/ wt. 



% 

Controls ( 34 )*. • • 

98 

21 

II9 

30 

3-13 

log 

21 

130 

30 


62 


dbl.2 

±0.4 

± 1.3 

±0.2 

±.027 

± 1.5 

±0.1 

±1.5 

±0.1 

±.012 

±2.7 

Thjnroidectom- 












ized (21, 18) . . 

89 

20 

109 

30 

3.06 

io8 

20 

128 

26 

2.77 

S<5 


±2.9 

±2.3 

±3.6 

±0.2 

±.084 

±2.5 

±1.6 

± 3-0 

±0.4 

±.061 

±4.7 

Thiouracil, 20 












days (12, 9)... 

102 

20 

122 

30 

2.90 

107 

19 

126 

26 

2.67 

49 


±2.3 

± 0.5 

±2.3 

±0.9 

±.109 

±1.9 

±0.8 

±2.1 

±0.7 

±.111 

±2.6 

Thyroidectom- 












ized + thi- 












ouracil, 20 












days (ii, 3)... 

87 

18 

lOS 

28 

3 -os 

108 

18 

126 

28 

2.9s 

58 


±1.1 

±0,27 

±1.1 

±0.5 

±.085 

±1.0 

±0.4 

±1.3 

±0.4 

±.068 

± 7-6 

Dried thyroid. 












Soo mg/day. 












10 days (22, 












16) 

122 

26 

148 

29 

3-49 

129 

24 

IS 3 

28 

3-24 

77 


±1.0 

±1.9 

±2.1 

±0.1 

±.005 

±1.7 

±1.4 

±2.2 

±0.4 

±.006 

± 3-6 

Thyroidectom- 












ized -h dried 












thyroid, 500 












mg/day, 10 












days (8, 7) 

139 

28 

167 

28 

3-36 


ied 






±1.8 

±0,7 

±1.9 

±0.3 

±.113 







Thiouracil -f- 












dried thyroid. 












500 mg/day 












10 days (13) . . . 

137 

28 


28 

3 - 3 S 

146 

25 

171 

26 

3-42 

72 


±1.1 

±1.1 

±1.6 

± 0.5 

±.080 

±1.8 

±0.9 

±2.1 

±0.3 

±.083 

±4.6 

20 days (6) 

133 

26 

IS 9 

28 

3-44 

All died 






±i.S 

±2.1 

±2.6 

±0.3 

±.065 








^ Numbers in parentheses refer to number of experimental animals. Where there are two 
numbers in parentheses, the second refers to the number that survived partial hepatectomy for 


regeneration studies. 


Deviation measure = Standard Deviation of mean = 



I) 


These results are to be compared with experiments shown in table 2. In this 
case, the animals were younger, being approximately 8 to 9 weeks old at partial hepa- 
tectomy. The diet of the control group was again limited to approximately that 
of the thyroidectomized animals, as were the thyroid-fed. In this group the regen- 
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eration of the ‘normal’ animals was higher than in the older group of similar animals, 
amounting to 99 per cent at the end of 96 hours. The thyroidectomized groups, how- 


Table 2. Relation of thyeoid and thiopyrimidine effects (2-month-old animals) 


PEE-LOBECTOMIZED LIVEE 


REGENERATED UVXE (96 HOURS) 


■ 

Nucleic acids 

Dry tvt. 

1 

Total 

Nucleic acids 

Dry wt. 

Total 

Regen- 


PNA 

DNA 

Total 

Wet wt. 

N 

PNA 

DNA 

Total 

Wet wt. 

N 

eration 

Controls (13)' . . . 

mg. PI 

97 

'i00‘gm. 1 

24 

set v>i. 

I 2 I 

30 

% 

2.94 

mg. Pi 

107 

hoo-gm. 

27 

tee/ wt. 

134 

29 

% 

2.88 

% 

99 


± 3-5 

d=i.8 

± 3-9 

±0.3 

±.058 

± 3-9 

±1.7 

± 4-2 

±0.6 

±.085 

± 7-7 

Thyroidect. 
Without thi- 
ouracil, 20 
days (ii)*. 

82 

19 

lOI 

29 

2.80 

97 

21 

118 

25 

2.60 

56 


± 1-5 

±0.6 

±1.6 

±0.3 

±.077 

±1.4 

±0.6 

±i-S 

±0.4: 

±.081 

±2.0 

With i%thi- 
ouracil, 20 
days (21, 
IS)’ 

96 

20 

116 

30 

2.89 

126 

20 

146 

27 

2.81 

61 

1 

±2.6 

±0.5 

±2.7 

±0.3 

±.069 

± 2.5 

± 0.5 

±2.6 

±0.5 

±.028 

± 3-3 

Thyroidect. with 
3-4 mg. 

dried thy- 
roid daily 
Without thi- 
ouracil 

10 days (12, 
io)i 

III 

24 

13s 

31 

3.00 

II4 

21 

135 

1 

27 

3>o6 

97 


±2.1 

±0.8 

±2.2 

±2.2 

±.079 

±1.6 

±2.4 

±2.9 

± 0-5 

±.211 

± 7-8 

30 days 

(10, 9)J. . . 

113 

25 

138 

29 

2.79 

130 

1 

156 

25 

2.74 

82 


±2.9 

±1.1 

± 3 -i| 

±0.3 

±.047 

±2.9 

±0.7 

± 3-0 

±0.4 

±.064 

±6.9 

With 1% thi- 
ouracil 

10 days (13, 

9)’ 

II 2 

21 

i 

133 

29 

3 -OS 

1 

' I 2 I 

1 

23 

144 

28 

2.97 

68 


±2.7 

±1.0 

±2.9 

±0.2 

±.071 

±1.4 

±0.8 

±1.6 

±0.4 

±•133 

±6.2 

20 days (22, 
ii)’ 

II 2 

24 

136 

30 

3-24 

129 

24 

153 

27 

2.99 

66 


±1.3 

±0.5 

±1.4 

±0.3 

±.061 

± 3-5 

±1.1 

± 3-6 

±0.5 

±•075 

± 4-7 


^ Numbers in parentheses refer to number of experimental animals. Where there are two num- 
bers in parentheses, the second refers to the number that survived partial hepatectomy for regenera- 


tion studies. 


Deviation measure = Standard Deviation of mean = 



n (n - 1) 


ever, whose thyroids had been removed 20 days before hepatectomy, regenerated 
only to the extent of 56 per cent, or no better than the older thyroidectomized ani- 
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mals and unmistakably less than the controls. There was also a reduction in the 
nucleic acids, both PNA and DNA, in both the pre-lobectomized and regenerating 
liver, as well as a tendency towards a decrease in the total nitrogen. The reason 
for diminishing the interval between thyroidectomy and hepatectomy to 20 days, 
instead of 6 weeks as in the group previously discussed, was to reduce the age level of 
the group for comparison with a similar age level in controls. 

Another group of animals of this age level was, immediately after thyroidectomy, 
put on a replacement thyroid therapy. The intent, in this case, was not, as pre- 
viously, to create a hyperthyroid animal, but simply to restore the putative amount 
of normal thyroid secretion. From the data of Astwood and Dempsey (8), this 
was computed at 3,5 mg. of desiccated thyroid per day per rat for rats of this age 
and weight (about 150 gm.). Under these conditions, the regenerative capacity 
of the liver was restored to normal in animals where hepatectomy was performed 10 
days after thyroidectomy, and who received replacement thyroid medication during 
this period and the period of regeneration. When hepatectomy was performed under 
similar conditions 20 days after thyroidectomy, the regeneration was almost as great 
(table 2, row 4). 

The nucleic acids of the controls in this series was higher after lobectomy than 
in the older animals. After thyroidectomy, the fall in nucleic acids, particularly 
PNA, was evident, though not large. On the other hand, there was a definite in- 
crease when dried thyroid was administered, though not as much as in the earlier 
series, on massive doses of the hormone. 

Effect of Pyrimidines. In view of the fact that pyrimidines constitute a part 
of the nucleic acid molecule, it was felt that administration of pyrimidines might 
affect the nucleic acid mobilization and possibly show a differential effect, since 
uracil is found in ribonucleic acid, and thymine in desoxyribonucleic acid. Cytosine 
is found in both, but we did not have any of this material at our disposal. After 
some experimentation, based on our experience with the thiopyrimidines, both uracil 
and thymine (Schwartz) were given as i per cent of the diet for period a of 10 to 20 
days. It will be seen in table 3 that in respect to the things we were observing, these 
substances were entirely without effect. 

Effect of Thiopyrimidines. Two-thiouracil, 5-methyl-thiouracil (thiothymine), 
and 6-propythiouracil® were given to groups of 4- to 6-month-old rats as i per cent 
of the diet. In this amount, fed over a period of 10 days before hepatectomy (as 
well as during regeneration), the substances caused small decreases in regeneration 
(table 4) ; when the administration was continued for 20 days before hepatectomy, 
the decrease became much more marked, and was, if anything, greater than in thy- 
roidectomized animals of this age level. Nevertheless, except in the case where 
thiothymine is given for 20 days, there was practically no effect on the nucleic acid 
content. After thiothymine and propylthiouracil administration for 10 days, there 
was a considerable increase in the total nitrogen, apparently indicating protein 
mobilization, but on continuance of the medication for 20 days, the nitrogen returned 
to normal. The significance of this is not clear. There is no reason to doubt that 

2 We are indebted to Dr. E. B. Astwood for the thiouracil and to Dr. Stanton E. Hardy of the 
Lederle Division of the American Cyanaihid Company, for the propylthiouracil used in this work. 
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the protein mobilization would also have been obser\^ed after lo days of thiouracil 
medication, but this experiment was not performed. 

Relation of Thyroid to Thiouracil Effects. When thiouracil medication was 
superimposed upon thyroidectomy (table i), we were unable to keep more than 3 
out of II of the older animals alive after hepatectomy. In these there was no sum- 
mation of effect, the results corresponding very closely to that of thyroidectomy 
alone. In young animals (2 months old), with a shorter interval after thyroidec- 
tomy, the results were somewhat different. When thiouracil was given to such 
animals, the regeneration was reduced as in thyroidectomy (table 2, row 3), but, 


Table 3. Efeect of PYEiinnnjES (4- to 6-iiontU'Old animals) 



Controls (34)* . . . 

Uracil 1% 

10 days (4)*. . . 

20 days (x2)L . 

Thymine 1% 

10 days (24) . . . 

20 days (18) . . . 



^ Numbers in parentheses refer to number of experimental animals. Where there are two 
numbers in parentheses, the second refers to the number that survived partial hepatectomy for 

regeneration studies. Deviation measure = Standard Deviation of mean = i / 

y n (n — i) 


surprisingly, there was, after partial hepatectomy, a rise in the ribonucleic acid frac- 
tion. 

^\Tien, in normal animals, dried thyroid and thiouracil administration were 
combined the result seemed to depend on the amount of thyroid fed. With large 
amounts of thyroid (table i), the result was practically as though no thiouracil 
had been given. This was explicable on the ground that the thyroid effect was dom- 
inant, and the conclusion was buttressed b3'^ the fact that when only replacement 
amounts of desiccated thyroid were given w-ith thiouracil (table 2) the latter was 
able to combat the effect of the administered thyroid as to regeneration, the latter 
being reduced almost to the same level as that of the thyroidectomized animals. 
However, the typical increase of nucleic acids seen after thyroid medication was not 
nullified by thiouracil. 
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DISCUSSION 

The evidence points to a control of liver regeneration as well as of nucleic acid 
and protein mobilization by the thyroid. On the other hand, the fact that the ef- 
fect of th3nroidectomy on regeneration is clearly seen only in younger animals seems 
to indicate that as the animal approaches the adult state, control of regeneration can 
be taken over by other forces in the body. The thyroid hormone stimulates regen- 
eration by the liver, and it may be that the greater regenerative capacity of the organ 


Table 4. Effect of mtopvRmmiNES (4- to 6*month-oid animals) 



PEE-LOBZCTOinZED XIVER 

JtEGENEEATED LIVEE (96 HOTOS) 

Nucleic acids 

Dry wt. 

Total 

N 

Nucleic acids j 

Dry wt. 

Total 

N 

Regen- 

eration 

PNA 

DNA 

Total 

[Wet ■wt. 

PNA 

DNA 

Total 

Wet wt. 


mz. Plioo-gm. Viet vil. 


% 

1 

ini» Pjjoo-im, wcl rot, i 


% 

% 

Controls (34)* . . . 

98 

21 

II9 

1 30 

3-13 

io8 

21 

130 

30 

2.97 

62 


±1.2 

±0.4 

±1.3 

±0.2 

±.027 

± 1-5 

±0.1 

±I-S 

±0.1 

±.012 

1 

±2.7 

Thiouracil 1%, 












20 days (12, 












9) 

102 

20 

122 

30 

2.90 

107 

19 

126 

26 

2.67 

49 


±2.3 

± 0-5 

±2.3 

±0.9 

±.109 

±1.9 

±0.8 

±2.1 

±0.7 

±.III 

[ ±2.6 

Propylthlouradl 




1 








10 days (6, 5) . . 

los 

21 ! 

126 

29 

3-55 

1 14 

22 

136 

27 

3-47 

S 3 


± 3 - 0 , 

±0.0, 

±3.0 

± 0 . 4 , 

±.057 

±1.8 

±0.1 

±1.8 

±1.2 

±.ii6 

± 3 '4 

20 days (15, 










I 

1 


II) 

96 

21 

II7 

30 

3-31 

112 

20 

132 

27 

2.87 

42 


±1.5 

±0.7 

±1.7 

±0.3 

±.039 

1 

±1.2 

±0.4 

±1.3 

±0.4 

rL *088 

1 

± 3-1 

Thioth3unme 1% 



1 








1 

10 days (6, s). . 

98 

21 

II9 

30 

3-45 

0 

H 

21 

128 

30 

3-34 

! 58 


±2.4 

±0.6 

±2.Sj 

± 0 . 5 ' 

±.113 

±2.8 

±0.3 

, 8 

±1.3 

±.067 

±1.3 

20 days (24, 










1 


22) 

87 

17 

104 

30 

3'06 

106 

18 

124 

30 

3.00 

45 


±1.1 

±0.6 

±1.3 

±0.2 

±.078 

±2.1 

±0.6 

±2.2 

±0.4 

±.071 

±2.9 


* Numbers in parentheses refer to number of experimental animals. Where there are two 
numbers in parentheses, the second refers to the number that survived partial hepatectomy for re- 


generation studies. Deviation measure = Standard Deviation of mean — A / 

y n(n-i) 

in the younger animal is a fimction of greater thyroid activity. The sharp drop 
following th3rroidectomy in such animals, to the level in the older thyroidectomized 
animals, seems to bear this out; and the fact that it goes no lower indicates that as in 
the adult, other controlling factors are at work, though not in this case compensatory. 
The thyroid hormone also stimulates mobilization of liver nucleic acids, especially 
ribonucleic acid, though desoxj’-ribonucleic acid, whose concentration is notoriously 
difficult to change, is also affected to some extent. According to Novikoff and Potter 
(8), the ribonucleic acid coiitent is greatest during the period of most active regenera- 
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tion. This would be in harmony with the thyroid effect on the latter. On the other 
hand, on the basis of effects we have noted in other investigations, it seems to us that 
the necessarj': association of active growth with nucleic acid mobilization must be 
taken with some reserve. .We therefore record the facts in this case without prej- 
udice or postulate. We must. also record the apparent mobilization of total pro- 
tein with the same reservation. ■ 

As stated earlier in this paper, we were impelled to test the effect of pyrimidines 
by two major considerations. In the first place, the thiopyrimidines are goitro- 
genic, and it is therefore reasonable to expect that they may abolish the thyroid hor- 
mone effect on liver by preventing its synthesis. In the second place, ingested pyri- 
midines, despite certain evidence to the contrary (cf. Plentl and Schoenheimer (9)), 
might influence, in a rapidly growing organ, the nucleic acid content, and if the latter 
were a limiting factor, the actual growth of that organ. Also, in tliis connection, 
it is possible that the thiopyrimidines might act either as sources of pyrimidines or 
as competitive inhibitors of any effects the latter might have. 

The results that we obtained indicate that the ingestion of pyrimidines added 
to a synthetic diet containing none, does not affect the synthesis of liver nucleic acid 
or regeneration of the organ. This tends to corroborate, as far as it goes, the evi- 
dence of Plentl and Schoenheimer. 

As for the thiopyrimidines, in the amount given, they inhibited liver regenera- 
tion. This is, of course, a large dose, much above the minimum goitrogenic effect, 
though according to Astwood (10) not incompatible with continued existence with 
symptoms referable only to hypothyroidism, even when continued over a long pe- 
riod of time. Fogelman and Ivy (loc cit.) have shown that when rats were given 
intraperitoneal injections of 8 mg. thiouracil per 100 gm. of body weight daily follow- 
ing partial hepatectomy, tlie rate of regeneration was increased. This might corre- 
spond roughly to the ingestion of o.i per cent in the diet, or much less than the 
amount we gave. In view of these and our own findings, therefore, it appears that 
the effect of thiouracil, at least, is a function of the amount given. The inhibition 
of regeneration seen in our experiments is not a function of the anorexia and con- 
comitant failure to gain, or actual loss of weight of the animals, since the controls 
were arbitrarily subjected to the same conditions. Nor is it a function of the de- 
pression of thyroid hormone synthesis, because when the normal thyroid hormone 
secretion was replaced by ingestion in a thyroidectomized animal, and the regenera- 
tion restored to normal, the latter was still depressed by thiouracil. We are led to 
believe that the thiouracil effect, whether depressant as in our case, or stimulating, 
as in the case of Fogelman and Ivy, is at least in part an effect either directly on the 
liver itself or on some other control than that furnished by the thyroid. 

We set out to determine, among other things, whether thiopyrimidines would 
antagonize, perhaps by competitive inhibition, a possible pyrimidine effect. As 
we have already stated, we were unable to demonstrate this inhibition because ad- 
ministered pyrimidines were without effect. It is, however, not ruled out, for while 
it may be that ingested pyrimidines are not incorporated into nucleic acids, the pyri- 
midines of the latter in such case may be considered as being synthesized from other 
fragments of metabolism, and if so, the postulated inhibition may still occur after 
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such synthesis has taken place. Admittedly, we have no evidence for or against 
this. 

SUMMARY 

Observations have been made concerning the influence of the thyroid, and of 
pyrimidine and thiopyximidine administration, upon rat liver regeneration and 
nucleic acid and nitrogen content. The evidence shows that the thyroid is a regu- 
lator of liver regeneration, as well as of liver nucleic acid and protein mobilization. 
In animals over four months old, but not in younger animals, the control over re- 
generation can, in the absence of the thyroid, be taken over by something else. 
Ingested pyrimidines have no effect on liver regeneration, or on nucleic acid and 
nitrogen content. Ingested thiopyrimidines, in high concentration, reduce the re- 
generative capacity of the liver; and this effect is not due to inhibition of the forma- 
tion of thyroid hormone. A postulated inhibition of pyrimidines by thiopyrimidines 
was not proved; neither was it ruled out. 
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BRAIN AND PLASMA CATIONS AND EXPERIMENTAL 
SEIZURES IN NORMAL AND DESOXYCORTICOSTERONE- 

TREATED RATSi 

DIXON M., WOODBURY AND VIRGINIA. D. DA\^NPORT 
From the Department of Physiology, University of Utah College of Medicine 


SALT LAKE CITY, UTAH 

^LTHOUGH clinical studies on the efficacy of desoxy corticosterone therapy 
/ \ in epilepsy have yielded contradictory results (i, 2), in a few cases a sig- 
JL jLnificant decrease in the incidence of grand mal seizures has been noted (2). 
This improvement in the clinical status of the patients was apparently due to a re- 
tention of Na in the body, and a loss of K (3). Spiegel (4) administered desoxy- 
corticosterone to rats but failed to observe a change in the convulsive threshold to 
electrical stimulation. On the other hand, a growing body of evidence indicates 
that the brain excitability of rats may be altered in a predictable manner by changes 
in the electrolyte balance of the body. Swinyard (5) has found a positive corre- 
lation between extracellular sodium concentration and electroshock seizure threshold 
in experimentally hydrated rats, and recent work in this laboratory (6) has demon- 
strated a lowered electroshock seizure threshold associated with low plasma Na 
levels in adrenalectomized rats. Evidence has also been presented which indicates 
that the refractory period following a major convulsion may be correlated with ele- 
vated plasma Na (7), In view of these observations it seemed desirable to reexamine 
the effect of desoxycorticosterone on brain e.xcitability and to investigate the effects 
of excess Na, K, Ca and Mg. 


METHODS 

Adult Sprague-Dawley male rats were used as experimental animals. Electroshock seiztire 
thresholds (6, 8) and maximal seizure patterns (9) were determined by the standard methods of this 
laboratory. 

Isotonic solutions of the salts used were injected intraperitoneally in the dosages indicated. 
After I hour, an interval foimd to be sufficient for the absorption of most of the fluid, the electroshock 
seizure thresholds were determined. The thresholds observed, expressed in milliamperes (mA), were 
compared with control observations made 6 hours earlier. Maximal seizure patterns were also in- 
vestigated before and i hour after the injection of the salt solutions. They were checked at 30-minute 
intervals thereafter until the greatest change from normal was found. 

Desoxycorticosterone acetate’ (DCA) was administered by the subcutaneous implantation of 
six is-mg. pellets per rat. The difference in weight of the pellets before implantation and after 
removal indicated that the mean amount absorbed was 1.6 mg/rat/day. 

Samples of plasma and of brain were collected 23 to 31 days after the implantation of DCA 
pellets or i hour after the injection of salt solutions. They were prepared and analyzed for Na, K, 

Received for publication February 14, 1949. 
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Ca, Cl and water by the methods in use in this laboratory ( 6 ). Plasma samples were analyzed for 
Mg by the method of Kunkel, Pearson and Schweigert (10). 

RESULTS 

The effects on maximal seizure pattern produced by the iutraperitoneal injec- 
tion of NaCl, KCl, MgCh and CaCk solutions and of modified Ringer’s solution 
(pH 7.4) are illustrated in figure i. Each group of 3 columns shows the duration of 
the phases of maximal seizures in a siogle animal and is t3^ical of the responses of 
10 to 25 animals treated similarly. The first column shows the control pattern, the 
second shows the pattern at the peak action of the injected salt, and the third column 
indicates the recovery of the control pattern. The injection of Ringer’s solution 
had no effect on the seizure pattern. The injection of either NaCl or KCl solution 
resulted in abolition of the tonic phase and prolongation of the clonic phase, whereas 
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Fig. I. Eitects of injected saxt solutions on the maximal seizure patterns of rats. 


the injection of CaCb or MgCk solution caused abolition of the tonic extensor com- 
ponent without change in the total duration of the seizure. 

Table i presents the effects of the same salt solutions and of phosphate buffer 
on the electroshock seizure thresholds of normal rats. The injection of Ringer’s 
solution again had no effect. Treatment with NaCl solution caused a 14 per cent 
rise in threshold, and CaCb solution caused a smaller but significant rise. The in- 
jection of KCl, MgCk or phosphate buffer resulted in a significant lowering of the 
threshold. 

A summary of the observations made on the effect of DCA on the electroshock 
seizure thresholds of rats is presented in figure 2. The thresholds of 22 control and 
22 treated animals were followed over a period of 31 days. The initial threshold 
of both groups was 20.5 mA. The controls showed no consistent change in threshold 
and on the final day had a threshold identical with that on the first day. The rats 
implanted with D CA pellets exhibited a progressive rise in threshold. This amounted 
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to 14 per cent of the initial value in the first 2 weeks and an additional 5 per cent 
in the following 17 days. The threshold at the end of 31 days was thus nearly 20 
per cent above the initial level and that of the control rats. 


Table i. Eitects of intraperitoneally injected salt solutions on electroshock seizure 

THRESHOLDS (EST) OF NORMAL RATS 


SALT 

KO. or 

lUTS 

DOSE, 
mm /kg. 

UTAN rST IN ITA. 

CnAKOE IN EST mA 

P 

Control 

6 omin. 
after in- 
jection 

Ringer’s solution 


6 

24.5 

24.8 

-I-O.3 ± 0.2 

> 0.1 

NaCl 


6 

24-5 

27.9 

+3.4 db 0.3 

<0.001 

CaCh 

26 

I 

25.0 

26.0 

-fi.o ± 0.2 

<0.001 

KCl 

24 

6 

27.7 

23-5 

—4.2 ± 0.3 

<0.001 

MgCh 

22 

4 

26.7 

22.9 

—3.9 ± O.I 

<0.001 

Na^HPOi — NaHiPO^ 

s 

2 

25-1 

22.9 

— 2.2 ± 0.2 

<0.001 

NazHPOi— NaH2PO^ pnj.A 

II 

4 

25.6 

23.1 

— 2.5 ± 0.2 

<0.001 



Fig. 2. Effects of DCA on the electroshock seizure thresholds of rats. 


Table 2. Water and electrolyte concentrations in brain cortex of normal and 

DCA-TREATED RATS 



N 

TEE KrtOCRAJI WET BRAIN 

HsO 

Na. 

14 

Cl 

Norinal rats 

DCA, 23-31 days 

10 

6 

gm 

794 ± I 

793 ± 2 

(0-7) 

mEg . 

50.0 ± 0.2 
49-1 ± 0-6 
(0.4) 

mEg . 

101.6 ±0.7 
102.2 ± 0.4 
(0.6) 

mEg . 

34.2 ± O.I 
33.8 ± 0.2 
(o.i) 


N = number of pooled samples. Each pool consisted of the brain cortex from 4 rats. 
Figures in parentheses are P values of differences from controls. 


Table 2 shows the observed concentrations of water and electrolytes in the 
brain cortices of normal and DCA-treated rats. At a time when the electroshock 
seizure thresholds of the treated animals were very significantly elevated (23-31 
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days after the implantation of pellets) the concentrations of water, Na, K and Cl in 
the brains of these animals were the same as those of normal rat brains. Single 
samples, each representing the pooled brains of 4 rats injected with NaCl, KCl, 
CaCb or MgCb solutions, were also analyzed and were found to contain normal 
amounts of Na, K, Cl and water. 

Blood was collected from the rats showing the electroshock seizure threshold 
changes of table i or from strictly comparable animals. The results of the analyses 
of the plasma samples are shown in table 3. Only in the case of CaCb-injected rats 
was there a significant change in plasma water content. In the DCA-treated ani- 
mals, the plasma Na was elevated while the K and Mg were depressed to a significant 
extent. The intraperitoneal injection of NaCl solution caused a rise in plasma Na 
and a small but probably significant rise in Ca, with no change in plasma K or kig 
concentrations. The plasma Ca rose after the injection of CaCh solution but there 
was no change in the concentrations of the other three cations. After the admin- 
istration of KCl solution there was a fall in plasma Na, a rise in plasma K, and, 
surprisingly, a rise in plasma Ca concentration. The injection of MgCb solution 
resulted in a rise in the plasma Mg concentration accompanied by a fall in both Na 
and K concentrations. 


DISCUSSION 

With respect to their effects on maximal seizure patterns, the 4 salts, NaCl, 
KCl, CaCb and MgCb, fall into 2 groups. The chlorides of the 2 monovalent cat- 
ions, which abolish the tonic phase of the convulsion, appear to share some of the 
properties of anticonvulsant drugs (ii). The chlorides of the 2 bivalent cations, 
however, abolish only the tonic extensor component and do not affect the total 
duration of the convulsion. Since NaCl and CaCh raise the electroshock seizure 
threshold while KCl and MgCb lower it, it is apparent that the effect of an intra- 
peritoneaUy injected salt solution on the maximal seiziure pattern is not correlated 
with its effect on the electroshock seizure threshold. 

Earlier work done in this laboratory showed that the rat brain has a remarkable 
ability to preserve a normal content of Na and K imder conditions of low plasma 
Na and markedly elevated plasma K (6). The work presented here indicates that 
the brain can likewise maintain normal concentrations of Na and K during treatment 
with DCA, when plasma Na is chronically elevated and plasma K decreased. This 
observation is in agreement with that of Hoagland and Stone (12) who, using similar 
analytical methods, found no change in brain Na and K following treatment of rats 
with DCA. A discussion of the imphcations of this constancy of brain Na and K 
concentrations is beyond the scope of this paper. 

Clearly, the decreased brain excitability of DCA-treated rats, indicated by the 
rise in electroshock seizure threshold, is not the result of changes in brain water. Cl, 
Na or K concentrations. The same is imdoubtedly true of the alterations in brain 
excitability produced by intraperitoneal injection of the 4 salt solutions. This is 
indicated by the fact that analyses of single samples of brain from the injected rats 
revealed no differences from normal. The explanation of the changes in brain e.x- 
citability must lie elsewhere. 
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Figures in parentheses are P values of differences from controls. 
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It has been shown tliat changes in the degree of hydration produce corresponding 
changes in the electroshock seizure threshold of the rat (3). However, the changes 
in electroshock seizure threshold resultmg from DCA treatment or the injection of 
salt solutions cannot be explained on this basis. Only the injection of CaCb so- 
lution, which raised the tlireshold, caused a significant difference in plasma water 
content, and in this case the increased water content would tend to lower, rather 
than raise, the electroshock seizure threshold. It has already been shown (6) that 
no correlation can be made between plasma K concentration and electroshock seizure 
threshold. This is further emphasized by the fact that the plasma K was signifi- 
cantly lowered in both DCA-treated and MgCb-treated rats. Since in the experi- 
ments reported here alterations in plasma Mg concentration were always accom- 
panied by inverse changes in plasma Na, it is impossible to determine whether the 
plasma Mg concentration exerts any influence on brain excitability. Changes in 
plasma Ca concentration, if not masked by changes in plasma Na, may affect brain 
excitability. Of the factors tested, only the increased plasma Ca could account for 
the elevated electroshock seizure threshold of the CaCb-injected rats. It is also 
probable that the reduction in electroshock seizure threshold produced by the in- 
jection of phosphate buffer was due to a lowering of plasma Ca concentration. Al- 
though changes in electroshock seizure threshold can be produced without alterations 
in plasma Na, it is apparent that in all situations examined here and in adrenal- 
ectomized rats (6) any variation of more than 3 mEq /1 in plasma Na concentration 
is accompanied by a change in electroshock threshold. The plasma Na concentration 
thus appears to be an important factor in determining brain excitability. 

SUMMARY 

Normal rats treated with DCA or injected with isotonic NaCl or CaCb solution 
have elevated electroshock seizure thresholds. Rats injected with isotonic KCl or 
MgCb solution or phosphate buffer show lowered thresholds for electroshock con- 
vulsions. The injection of Ringer’s solution produces no change in electroshock 
seizure threshold. Alterations in maximal seizure pattern produced by injection of 
the salt solutions cannot be correlated with the effects on electroshock seizure thresh- 
old. The brains of rats treated for 23 to 31 days with DCA contain normal con- 
centrations of water, Na, TL and Cl, Tliis is apparently also true of the brains of 
rats injected with NaCl, KCl, CaCb or MgCb solutions. The changes in brain ex- 
citability produced by treatment with DCA or the 4 salt solutions can be correlated 
with changes in plasma Na or Ca concentrations. An increase in plasma Ca, if not 
masked by a change in plasma Na, is accompanied by an elevation of the electro- 
shock threshold. Any change of more than 3 mEq /1 in plasma Na is accompanied 
by a change of electroshock seizure threshold in the same direction. 
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EFFECTS OF ADRENALECTOISCY AND OF ADRENAL CORTI- 
CAL EXTRACT ON DCA-HYPER TEN SION IN THE RAT^ 

SYDNEY M. FRIEDMAN, CONSTANCE L. FRIEDMAN 
AND CHARLES G. CAMPBELL® 

From the Deparhnenl of Anatomy, McGill University 

MONTREAL, CANADA 

I T IS a well documented fact that desoxycorticosterone acetate (DCA) is capable 
of producing an elevation of the blood pressure in a wide variety of species (i). 
It seems equally certain that the adrenal cortex normally liberates some product 
or products identical in action with this synthetic steroid (2). In our investigations 
concerning the action of this compound in the rat we were able to demonstrate not 
only its potency in the intact animal (3) but also its immediate effect on 
the kidney (4). 

The present study was undertaken to determine whether the adrenal gland might 
normally liberate some factor opposed to DCA in its action. This idea was first 
suggested by the observation in the dog (5) and the impression in man (i) that 
pressor effects seemed more readily elicited by DCA in the absence of normal func- 
tioning adrenal cortical tissue. Soffer (i) has stated that this "would suggest that 
in addition to the hypertensive factor manufactured by the adrenal cortex an ad- 
ditional blood pressure balancing factor is similarly produced," yet little direct in- 
vestigation of this problem has been undertaken. The earlier work referred to above 
does not solve the problem for it was only indirectly concerned with the question. 
Thus, Swingle el al. (5) noted that the degree of pressure rise following DCA ad- 
ministration was greater in adrenalectomized than in intact dogs. Since the ad- 
renalectomy was performed some time prior to the DCA administration, however, 
the blood pressure base line in these animals was lower to start with, although there 
was no significant difference in the final pressures obtained. A similar criticism 
applies to the observations in Addisonian patients in whom the duration of the 
disease represents an uncontrolled variable. The only suitably controlled report 
seems to be that of Green (6) who was able to demonstrate a minimally increased 
sensitivity to DCA in adrenalectomized rats only if they were given small doses of 
the steroid. 

Along similar lines. Pines et al. (7) have considered the possibility of depressing 
adrenal cortical function as a possible means of decreasing the blood pressure of 
hypertensive patients. Continued administration of adrenal cortical extract for one 
month decreased the ‘resting’ blood pressure in 3 of 4 hypertensive subjects. Al- 
lowing the possibility of a non-specific effect, these authors felt that the result they 
obtained might represent either "suppression of adrenal cortical function or counter- 
action of a desoxycorticosterone-hke pressor hormone." 
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From the above, it seemed of obvious importance to determine whether the 
adrenalectomized animal was, in fact, more sensitive to DCA before accepting the 
thesis for an adrenal cortical anti-pressor secretion. Similarly, it appeared of im-. 
portarice to establish by administering cortical extract to animals with DCA hyper- 
tension whether the effects observed by Pines el al. (7) could have been due to 
depressor material in the extract. 


EXPERIMENTAL 

Three separate experiments were performed to determine the relative sensitivity 
of the adrenalectomized rat to DCA administered in pellet form and a 4th to de- 
termine the effect of cortical extract administered to DCA- treated animals. 

Experiment i. Thirty-three male albino rats of tlie Sherman strain were main- 
tained for a period of 44 days. Group i, consisting of 8 animals, served as untreated 
controls. Group 2, consisting of 14 animals, received a subcutaneous implant of 
DCA (one third of a 75-mg. Schering Cortate pellet) on the ist, i6th and 33rd days 


Table i 


TREATiCENT 

CONTROL 

DCA-SALINE 

ArSENALECTOMY -}- 
DCA-SALINE 

Initial wt., gm. 

130 

124 

125 

Final wt., gm. 

0 

H 

177 

195 

Blood pressure, mm. Hg 

4th week 

96 

107 

1 19 


±14 

±14 

±16 p <0.01 

7th week 

105 

122 

I2S 


±9 

±19 

±14 

Heart wt., mg/ioo cm.- 

150 

171 

200 

1 

±13 

±13 

±9 

Kidney wt., mg/ 100 cm.* 

358 

476 

SOI 


±13 

±24 

±23 


of the experiment. The ii animals of group j were adrenalectomized on the first 
day of the experiment and were subsequently treated in the same way as those of 
group 2. Saline (1%) was substituted for the drinking water of both DCA-treated 
groups. Blood pressure was determined by the method of Byrom and Wilson (8) 
using ether as anesthetic, on the 25th, 29th and 31st days and again on the 44th 
day of the experiment. At the conclusion, hearts and kidneys were weighed after 
24 hours’ fixation. Table i presents the findings. Since the three separate blood 
pressure determinations in the 4th week yielded the same result they are aggregated 
as a single datum in the table. 

As has previously been reported (9) rats of the Sherman strain are rather re- 
sistant to the pressor effects of DCA. Nonetheless, it is quite apparent that in the 
earlier period (4th week) the adrenalectomized animals are slightly more sensitive 
to the pressor effect of DCA than are the non-adrenalectomized, in this aggregate 
datum. This difference disappears in the 7th week. At the end of the experiment, 
heart and kidney weight was increased in both DCA-sahne treated groups, the in- 
crease being greater in the adrenalectomized animals. 
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Experiment 2, In order to obviate the possibility that the substitution of saline 
for drinking water in the previous experiment liad been an additional complication, 
a second experiment was undertaken in which DCA alone was administered to ad- 
renalectomized and intact animals. Three groups of 8 male albino rats of an inbred 
Wistar strain were maintained for 26 days. Group i serv'-ed as untreated controls, 
groiip 2 received DCA implants (one third of a 7S-mg, pellet) on the ist, 5th, loth, 
15th and 20th days and group 3 received the same treatment as groicp 2 but these 
animals were bilaterally adrenalectomized on the first day of the experiment. Blood 
pressure was determined at weekly intervals by the method already described. At 
the conclusion of the experiment the animals were killed and hearts and kidneys 
weighed after 24 hours’ fixation. The data are presented in table 2. 


Table 2 


i 

THEAT3IENT 

1 

CONTROL 

DCA 

ADRENALEC- 
TOMY + DCA 

Initial wt., gm. 

70 

94 

98 

Final wt., gm. 

158 

180 

i8s 

Blood pressure, mm. Hg 




7 days 

95 

I2S 

103 


dzll 

±16 

±10 

13 days 

lOI 

124 

122 


±6 

±13 

±12 

19 days 

96 

127 

134 


rfcp 

dr20 

±21 

26 days 

89 

II7 

134 


±13 

±20 

±13 

Heart wt., mg/ioo cm.* 

181 

215 

23s 


±9 

±20 

±ii 

Kidney wt., mg/ioo cm.* 

453 

511 

520 


=t5x 

±73 

±5° 


Although there was a suggestion that the adrenalectomized animals were again 
more susceptible to the pressor effect of DCA in the 4th week, the difference between 
the two DCA-treated groups is not significant. Kidney and heart weights were 
increased to the same degree in both groups. It is apparent that when no saline is 
administered there is no real difference between the sensitivity of intact and adren- 
alectomized rats to the pressor effects of DCA. It is, of course, possible that if 
a larger series of animals were tested the suggested difference between groups might 
actually become significant. 

Experiment 3. The preceding two experiments taken together had shown that 
any slight increase in the susceptibility of adrenalectomized animals to the pressor 
effects of DCA was evident only when saline was substituted for the drinking water 
and then only in an early phase of the treatment. 

It had also been noted that, following treatment with DCA and saline, adrena- 
lectomized animals showed a greater increase in kidney weight. A third experiment 
was now undertaken in Wistar animals to study this renal effect and to confirm tlie 
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previous findings with regard to blood pressure. Treatment was carried out for 38 
days in three groups of 10 animals. Groujf> i consisted of intact controls, group 2 
of DCA-treated intact animals and group 5 of DCA-treated adrenalectomized rats. 
One per cent saline was substituted for the drinking water of the DCA-treated 
animals and a record was kept of the water intake of the three experimental groups. 
DCA pellets in this experiment were implanted on the ist, 14th and 28th days. 


Table 3 


1 

TREATIEENT 

COKTROL 

DCA-SAxnm 

ADEEHAIEC- 
TOUY + DCA- 
SAr.n?E 

Initial wt., gm. 


61 

72 

64 

Final wt., gm. 


204 

178 

174 

Blood pressure, mm. Hg ! 




35 days 


100 

157 

126 



±12 

±33 

±18 

37 days 


102 

149 

130 



±10 

±27 

±17 

Heart wt, mg/ioocm.* 

186 

243 i 

248 



±27 

±35 

±32 

Kidney wt., mg/ioocm.* 

492 

648 

710 




±91 

±84 

Ce; cc/min. 


0.38 

0.37 

0.38 



±0.07 

±0.08 

±0.06 

CpAH cc/min 

^/loocm.* 

j 3.04 

3-30 

3-12 



±0.46 

±0.63 

±0.68 

TmpAH mgm/min. 


! 0-137 

0.170 

0.154 



±0.036 

±0.020 

±0.034 

Ce? cc/min. 1 


0.81 

0.59 

0.55 

CpAH cc/min, f/gm. kidney 

6.45 

5-37 

4.10 

TmpAH mg/min.] 


0.31S 

0.27s 

0.223 

FFas% 


13-04 

II. I 

13.03 



±3.2 

±2.0 

±3-9 

CpAii/TmpAH 


21.2 

20.1 

20.0 



±4.2 

±1.9 

±1.9 

Water intake cc/day/ioogm. 




ist week 


28 

39 

35-5 

and week 


24 

34 

39 

3rd week 


23 

36 

35 

4tli week 


19 

35 

30.S 

Sth week 


17 

41 

28.5 


Renal function was determined at the conclusion of the experiment according to 
methods previously described (10). Following this procedure, the animak were 
killed and the kidneys and hearts weighed after 24 hours’ fixation. Table 3 presents 
the data. 

It is again apparent that adrenalectomized animals are not more susceptible to 
the pressor effects of DCA; indeed, blood pressure was significantly lower than in the 
intact D CA-treated group. Although renal function remained normal in both D CA- 
treated groups, renal hypertrophy did occur, so that renal function per gram of 
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kidney tissue was considerably reduced. Renal hypertrophy was greater in the 
adrenalectomized than in the intact animals, despite the fact that in the latter part 
of the experiment their saline intake declined considerably. 

Experimeni 4. Thirty-six male albino rats of an inbred Wistar strain were 
divided into three equal groups and maintained for 28 days. Group i served as 
untreated control while group 2 received DCA by the subcutaneous implantation of 
a pellet (one third of a 7S-mg. pellet) on the ist, 6th, nth, i6th and 21st days of the 
experiment. The animals of group 3 received DCA in the same manner as those of 
group 2 but for the duration of the experiment were given daily injections of cortical 


Table 4 


TREATMENT 

CONTROL 

DCA 

LIPO-CORTI- 
CAL EXTRACT 
-f- DCA 

Initial wt., gm. 

52 i 

49 

53 

Final wt., gm. 

175 

153 

159 

Blood pressure, mm. Hg I 




14 days 

104 

117 

124 


dbl2 

±10 

±12 

23 days 

lOI 

i 122 

128 


±14 

±19 

±13 

27 days 

96 

133 

127 


±17 

±14 

±14 

Heart wt., mg/ioocm- 

180 

203 

20s 


±19 

±14 

±17 

Kidney wt., mg/ioocm® 

459 

' 534 

535 


±65 

±25 

±45 

Cm cc/ioocmVmin. 

0.32 

0.28 

0.31 


±0.06 

±0.05 

±0.07 

CpAH cc/ioocmVmin. 

2.82 

2.91 

2.83 


±0.36 

±0.26 

±0.40 

TmpAH mgm/ioocmVmin. 

0.173 

0.174 

0.161 


±0.022 

±0.024 

±0.017 

FFas % 

II. 4 

9-54 

II. 0 


±1.9 

±1.9 

±1.8 

CpAn /TmpAH 

16.3 

16.7 

17.6 


±0.5 

±1.0 

±2.1 


extract. For this purpose, ^ cc. of Upjohn Lipo-Cortical extract was injected 
subcutaneously once daily for 5 days each week. Each cc. of this extract contains 
40 rat units by biological standardization, equivalent to 2 mg. of ii dehydro 17 
hydroxycorticosterone (Kendall's compound E). The choice of a daily adminis- 
tration of cc. (4 Rtr or 0.2 mg. Kendall's E) was determined by the amount of 
material available for this work. At the end of the third week, when it became ap- 
parent that the extract had not modified the hypertensive effect of the DCA, the 
dose of extract was doubled for the 4th and last week of the experiment. 

Blood pressure was determined on the 14th, 23rd and 27th days of the experi- 
ment. On the 28th day renal function was estimated. Table 4 presents the per- 
tinent data. 
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Aside from confirming findin gs which have pre\dously been reported, such as 
the effectiveness of DCA in producing h3T)ertension even without any intensifying 
measures, and the absence of renal functional change during the earlier stages (4 
weeks) of such treatment, this experiment is distinguished by its complete negativity. 
The lipocortical extract, in the amounts given, in no way modified either the blood 
pressure or renal functional status of animals treated with DCA for 4 weeks. These 
observations are confirmed by both kidney and heart weight which are reasonably 
sensitive indicators of interference with renal function on the one hand or elevation 
of blood pressure on the other. The experiment again demonstrates that the main- 
tenance of normal renal function in DCA-treated animals requires an increase in 
kidney mass. 


DISCUSSION 

Adrenalecloviy. These experiments have demonstrated the dif&culty of es- 
tablishing the relative sensitivity of adrenalectomized animals to the pressor effect 
of DCA. A slightly increased susceptibility was observed in the early phase of 
treatment but this appeared as a significant finding only when saline was admin- 
istered with the DCA. No increase in sensitivity was elicited in the later phases of 
treatment (6th and 7th weeks) despite the a dminis tration of saline as drinking water. 
A greater degree of renal hypertrophy was observed, however, in adrenalectomized 
animals given DCA with saline for this longer period. 

These findings are in agreement with those of Green (6) who was able to show 
only a slight increase in the blood pressure response of the adrenalectoim’zed rat 
given DCA with saline, but not with the indirect observation in the dog (5) and 
man (i). It seems reasonable to suggest that the minimal early sensitivity ob- 
served only when salt is given with the DCA hardly indicates a specific anti-pressor 
activity for the adrenal cortex. Rather it would seem that the effects obserx’^ed can 
more readily be ascribed to the general metabolic disturbance following adrenal- 
ectomy. 

While these findings argue against the liberation of specific depressor substances 
from the adrenal cortex they are in no way conclusive. Exogenously administered 
DCA might easily suppress such cortical depressor functions in the intact animal to 
begin with, so that by the criteria used here no difference could be expected between 
intact and adrenalectomized animals. Similarly, a homeostatic mechanism satis- 
factory for normal needs might be overshadowed, if not actually depressed, by the 
quantities of pressor material here added to the organism as exogenous DCA. None- 
theless, the experiments do indicate that if materials capable of counteracting DCA 
do exist in the organism they must be of a more subtle nature than has previously 
been indicated in the literature. 

Cortical extract. Under these circumstances, it is not surprising that the gross 
procediure of injecting adrenal cortical extract to DCA-treated animals was entirely 
without effect. If materials capable of coimteracting the DCA hypertensive effect 
are present in such an extract, their subtle presence is masked, not only by those 
corticoids with no effect on the blood pressure, but by the liberal content in such . 
extracts of substances with DCA-like action. It seems apparent, then, that the 
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depressor action observed by Pines ei al. (7) in hypertensive patients could hardly 
have been due to a direct action of the material itself. This conclusion would under- 
line the alternate explanation of these authors that the extract suppressed adrenal 
function. 


SUMMARY 

I 

Experiments in intact and adrenalectomized rats revealed only a minimal in- 
crease in the sensitivity of adrenalectomized animals to the pressor effect of DCA. 
This was observed as a significant finding only when sodium chloride was added to 
the drinking water, and only as a temporary phase during the course of treatment. 
A greater degree of renal hypertrophy occurred following such treatment in the 
adrenalectomized rat, but again only in the presence of added saline. These results 
do not support the concept of a specific antipressor activity in the normal adrenal 
gland, but rather reflect the precarious water balance of the adrenalectomized ani- 
mal. The administration of adrenal cortical extract to DCA-treated animals did 
not modify the effects of this latter substance, indicating the absence of any grossly 
detectable depressor substance in the extract used. 

The authors wish to thank Dr. W. Stoner and Mr. W. E. Fielding of the Schering Corporation 
for the Cortate pellets and Dr. H. F. Hailman of the Upjohn Co., for the Lipo-Adrenal Cortex used 
in this work. Sodiiun para-aminohippurate was supplied through the courtesy of Dr. W. Roger, 
Sharp and Dohme, Inc. 
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SPREAD OF EXCITATION IN THE DOG HEART' 

L. H. NAHUM, H. M. CHERNOFF= and W. KAUFMAN 
From the Laboratory of Physiology, Yale University School of Medicine 

NEW HAVEN, CONNECTICUT 

S EVERAL methods have been emplo3'’ed in the past to determine the time of 
arrival of the excitation wave at various points on the surface of the dog heart 
(1-4). There is general agreement that the earliest point on the ventricular 
surface to become electronegative is the mid-portion of the anterior right ventricle 
near the septum. There is further agreement that most of the right ventricular sur- 
face becomes depolarized from 8 to 10 milliseconds earlier than the left ventricular 
surface. Most of the methods employed, however, were carried out on animals with 
exposed hearts, a teclmique which introduces at least two complications in the proper 
interpretation of the results: i) in the exposed heart normal conducting tissues are 
removed from the surface of the heart, and 2) most of the experiments were done under 
the cooling effect of room air. In view of the fact that lead II is used as a standard of 
reference for the measurement of the time of arrival of the excitation wave at the 
various points on the heart surface, an alteration in lead II caused by these two factors 
might introduce errors in the measurements because the earliest deflection in the ven- 
tricular complex in lead 11 may not represent the onset of ventricular excitation. 
Furthermore, if the surface of the heart is cooled by exposure to room air, conduction 
from the endocardium to the epicardium may be slowed in the exposed area so that the 
results thus obtained may not correspond to the true order of excitation in tlie intact 
animal. In spite of these objections, much useful information has been afforded by 
such experimentation. However, the methods do not readily lend themselves for 
study of the effect of such agents as anoxia and drugs on the spread of excitation in the 
intact animal. 

A method for the study of the spread of excitation in the intact animal became 
available as a result of studies on the nature of unipolar extremity leads in the dog 
(5-7). In these studies it -was found that from an analysis of the QRS complex in any 
unipolar lead one could ascertain what parts of the heart were being depolarized from 
moment to moment; this information was afforded by the discovery that preponderant 
depolarization in the proximal zone of any unipolar lead resulted in downward move- 
ment of the beam, while upward movement was caused by preponderant depolariza- 
tion in the distal zone. ^Vhen the excitation involved the intermediate zone of the 
lead or was of equal degree in both proximal and distal zones, the beam remained at 
the iso-electric line. Since the distribution of the proximal, intermediate, and distal 
zones for each of the unipolar extremity leads was also established, localization of the 
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excitation process to various parts of. the heart became possible. When analyzing a 
single unipolar lead, however, the excitation process can be localized only to rather 
large segments of the heart. When the three unipolar leads, VR, VL, and VF, are 
recorded simultaneously and an analysis is made of the moment-to-moment beam 
position in each of the leads, then the excitation process can be localized to much 
smaller segments of the heart. Figure i shows that because of the overlapping 
zones of the three xmipolar extremity leads, the various segments of the heart bear a 
definite relation to each of the tliree leads. Depolarization in each of these segments 
results in a specific combination of beam movements in the three leads. For example, 

BASE 



APEX 

Fig. I. Schematic drawing oe ventrichear sureace oe dog heart showing overlapping of 
the proximal, intermediate and distal zones of leads VR, VL, and VF (composite picture of todings 
of 40 dogs). jPSj posterior septum; RPV, right posterior ventricle; RAV, right anterior ventricle; 
. 45 , anterior septum; ZAV, left anterior ventricle; ZFV, left posterior ventricle; P, pro.ximal zone; 
/ intermediate zone; I?, distal zone. The various areas diagrammed are labelled according to their 
zonal representation in leads VR, VL, and VF. The first of the three letters which label each of the 
areas represents the zone of lead VR, the second letter the zone of lead VL, and the third letter the 
zone of lead VF (e.g., area labelled FFZf indicates that this portion of the heart lies in the proHmal 
zones of leads VR and VL, but in the distal zone of lead VF). 

if the beam position in each of the three leads at a given moment indicates preponder- 
ance of depolarization in the proximal zone of lead VR and lead VL (downward move- 
ment of the beam in VR and VL) and in the distal zone of lead VF (upward move- 
ment of the beam in lead VF) the site of preponderant depolarization is localized 
to that segment of the heart labelled PPD in figure i (the upper anterior right ventri- 
cle). If at a given moment in the QRS complex the beam has moved upward in \Tl 
and VL (indicating preponderance of depolarization in the distal zones of VR and VL) 
and at the same time has moved downward in lead VF (indicating preponderance of 
depolarization in the proximal zone of \rF), the side of preponderant depolarization is 
thus localized to segment DDP in figure i (the left apical region). In this manner 
every combination of beam movements found in the three leads will help to localize 
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the excitation process to one or another of the various heart segments depicted in 
figure I. 


Fig. 2. Anaiyticai, method of determining spread of excitation in ventricle. VR, VL, 
and VF are recorded simultaneously and superimposed. The position of the beam in the 3 leads is 
determined from moment to moment throughout the ventricular complex. MSEC — time in milli- 
seconds during QRS interval; SEGMENT — the three letters P, /, D mean proximal, intermediate, 
and distal. For each time interval the first of the three letters represents the zone of lead VR in 
which the excitation is present; the second letter the zone of lead VL, and the third letter the zone of 
lead VF. Thus as 2 milliseconds segment DIP means that excitation is present in the distal zone 
of VR, the intermediate zone of VL, and the proximal zone of VF (the lower anterior left ventricle). 
HEART AREA — ^area of heart corresponding to segment in column two. LAV, left anterior ventri- 
cle; RAV, right anterior ventricle; RPV, right posterior ventricle; LPV, left posterior ventricle. In 
the lower right-hand comer of the diagram the anterior and posterior surfaces of the dog ventricle 
are represented. The hold figures are in milliseconds and represent the time of arrival of the excita- 
tion process in the various segments of the heart as determined by the analytical method. The 
figures in parentheses represent the time of arrival of the excitation wave at various points of the 
surface of the heart in the same animal (with chest closed) as determined by the direct method of 
Lems and Rothschild. Note close correspondence between values obtained by the two techniques. 

By this 1)^)6 of anatysis one can detect the site of preponderant depolarization from 
moment to moment during ventricular excitation. The sequence of this spread of 
excitation probably corresponds closely to the actual spread of the excitation wave 
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through the ventricles for the following reasons: d) the initial beam movement cer- 
tainly can be considered to represent the first site activated, i) the speed of conduction 
through both the right and left bundles is probably the same (since it is known that 
the fibers in each bundle are of the same size). Therefore preponderance of depolari- 
zation in any segment must mean that the excitation wave has reached this area in 
advance of other areas, for otherwise there would not be enough depolarized fibers to 
produce the specific movement of the beam, and c) as will be seen below, the order of 
preponderant depolarization corresponds closely to the actual arrival of the excitation 
process at the surface of these segments. 


METHOD 

The ventricular complexes in the three unipolar extremitj' leads VR, VL, and VF are recorded 
simultaneously on a Sanborn Tribeam at rapid speeds (75 mm/sec.) in order to make the measure- 
ments technically easier. These complexes are then photographically enlarged and transposed to 
graph paper. This makes it possible to subdivide the QRS complex into intervals of 4 milliseconds 
and then to record the position of the beam (as going up or going down) in each of the three leads at 
successive 4-millisecond intervals. The beam position in each lead is labelled by the letters P, D, 
or /, depending upon the direction of the beam deflection at each moment. If the beam is being 
deflected downwards, the letter P is used to signify preponderance of depolarization at that moment 
in the proximal zone of the lead. If the beam is being deflected upwards in a lead, the letter D is used 
to signify preponderance of depolarization in the distal zone of the lead. If the beam remains at the 
iso-electric line at the onset of ventricular excitation, the letter I is used to indicate depolarization in 
the intermediate zone of the lead. The resulting combination of three letters identifies that segment 
of the heart which is the site of preponderant depolarization at each successive time interval. The 
time in milliseconds needed for the excitation wave to involve the various segments of the heart is 
charted on a diagram of the anterior and posterior surface of the heart (fig. 2). 

RESULTS 

When this technique was applied to the electrocardiographic complexes obtained 
in a series of 30 dogs it was found that the usual order of segment depolarization was 
as follows: 


TIME IN MSEC. 

(after onset of 

VENTEICUtAE 

SEGMENT 

excitation) 

(in nc. 1} 

3 

DIP, IPD, or PPD 

6-12 

PPD 

IS 

PDD 

18-27 

DDP 

3'>-33 

PPD 


EEAET AKEA 

anterior septum or anterior right ventri- 
cle near septum 
upper anterior right ventricle 
posterior right ventricle 
left apex and posterior left ventricle 
upper anterior right ventricle (pulmonary 
conus) 


It was observed that beyond 33 to 35 milliseconds occasionally the beam remains 
above the iso-electric line in all three unipolar extremity leads. Since no segment 
of the heart has been found to lie in the distal zone of all the leads, localization of the 
excitation process at such points in the QRS complex is not possible. During this 
period there may be repolarization of some parts of the heart while depolarization is 
not yet complete in other parts, resulting in potentials of mixed origin so that the 
particular beam position can no longer be used in localizing the segment being de- 
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polarized. It is also possible that the potentials of depolarization at this time at 
each electrode, though present, are of such low magnitude that they approximate the 
potential of the central terminal so that the resulting beam positions might be due 
to the potential variations of the central terminal rather than to the variations of 
the exploring electrode. 

The first region depolarized usually is the mid-anterior septum or the anterior 
right ventricle. This is followed in turn by the posterior right ventricle, and then by 
the left apex and posterior left ventricle. In many hearts terminal excitation again 
involves segment PPD (fig. 2). Since most of this segment was depolarized early, the 
terminal excitation probably involves the pulmonary conus which is part of the seg- 
ment. 

In order to test the validity of this analytical technique of determining the 
spread of excitation in the intact animal, the time of arrival of the excitation wave at 
various points on the heart surface was then determined in four of the same animals by 
the direct method of Lewis and Rothschild (i). The results obtained by this meth- 
od were compared with the results obtained on the same animals before their chests 
were opened by the analytical method described above. In utilizing the method of 
Lewis and Rochschild, tiny pin electrodes were inserted through the pericardium at 
various points in such a manner that the electrode was in contact with the epicardium 
without injuring it. The indifferent electrode consisted of a central terminal elec- 
trode constructed as described previously (5). The lungs were restored to their 
normal position, the chest closed tightly, and the animal allowed to breatlie on his own. 
During the exposure of the heart, a lamp was allowed to shine over the operative field 
to prevent undue cooling of the anterior heart surface, and records were taken only 
after a period of an hour or so had elapsed after closure of the chest. It had been 
found in previous experiments (8) dealing with heart temperature that the normal 
temperature of the anterior surface of the heart is not restored until at least one 
hour after closure of the chest wall. These precautions were taken to minimize 
any possible effects of lowered heart temperature upon the spread of conduction and 
depolarization (9). Comparison of the results ob tamed by the two techniques 
on the same animal reveal close correlation (fig. 2). 

DISCUSSION 

The spread of excitation in the dog heart as determined by the analytical method 
described above is found to correspond fairly closely with the spread of excitation as 
determined by Lewis and Rothschild and others. It can be seen that excitation first 
involves the anterior septal region and extends rapidly to depolarize the anterior and 
posterior right ventricle before most of the left apex and posterior left ventricle become 
depolarized. It should be noted that points on the surface of the left lateral ven- 
tricle receive the excitation wave later than do corresponding points on the right 
lateral ventricle. If one assumes that the subjacent endocardial points in the right 
and left ventricles are probably at the same distance from the A-V node, and that the 
speed of conduction along both bundles is the same — both reasonable assumptions— 
then the later arrival of the excitation wave at the surface of the left ventricle could 
be attributed to the greater thickness of the left ventricle. Lewis and Rothschild 
considered that by their technique they were measuring the time of arrival of the 



May. ip4p 


SPREAD OF EXCITATION IN DOG HEART 


253 


excitation wave at the various points on the surface of the ventricles and that the 
later arrival at the surface of the left ventricle was indeed due to the greater thickness 
of this ventricle (i). Using the analytical method, the time of arrival of the excita- 
tion wave at various segments of the heart, rather than at specific surface points, has 
been determined. Nevertheless, the results of the two methods yield comparable 
values, suggesting that what is being measured by the analytical method is also de- 
polarization at the epicardial surface of the various segments. If this be so, one can 
conclude that surface depolarization dominates the formation of the electrocardiogram 
in leads recorded from the surface of the bod)'^, a view already expressed by several 
authors (10, ii). 

The ventricular complexes in the three unipolar extremity leads of most dogs tend 
to resemble each other very closely. However, there are occasionally animals that 
exhibit somewhat different complexes. Since these changes in the form of the ventric- 
ular complexes can be due to slight alterations in the position of the heart in these 
animals as compared to the average animal, one is not justified in concluding that the 
difference in the complexes indicates a different sequence of excitation, although this 
possibility cannot be excluded. These variations in the complexes of different 
animals do not, however, invalidate the use of the method in studying the effect of 
various agents upon the spread of excitation in the intact animal since each animal 
serves as his own control. 


SUMJURY 

The spread of excitation in the dog ventricle has been determined in the intact 
animal by an analysis of the ventricular comple.xes simultaneously recorded in the 
unipolar extremity leads VR, VL, and VF. The method depends upon the fact that 
depolarization in different parts of the heart produces specific combinations of simul- 
taneous beam movement in the three unipolar extremity leads. An analysis of the 
beam positions from moment to moment in the QRS complex in each lead permits 
the recognition of the time when depolarization occurs in the various segments of the 
ventricles, and, therefore, the time of arrival of the excitation wave at the various 
segments. The results obtained by this method correspond closely to those obtained 
in the same animals when the direct method of Lewis and Rothschild is employed. 

The order of excitation is usually as follows: mid-anterior septum, anterior right 
ventricle, posterior right ventricle, left apex and posterior left ventricle, and pul- 
monary conus. 
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EXTRACELLULAR WATER CONTENT OF THE HEART IN 
DOGS SUBJECTED TO HEMORRHAGIC SHOCK MEASURED 
WITH THE RADIOACTIVE ISOTOPE OF SODIUM'*' 

NED D. RODES, JANET M. LEMLEY, ALICE B. DALE, SAM E. STEPHENSON, JR. 

AND GEORGE R. MENEELY 

From the Departments of Medicine, Biochemistry and Surgery, Vajtderbilt University School 
of Medicine, and The Research Laboratory of Thayer Veterans Administration Hospital 

NASHVILLE, TENNESSEE 

W IGGERS suspected the existence of a cardiac factor in the irreversible 
shock produced by his technique of hemorrhagic hypotension because he 
observed a progressive fall in cardiac output at a time when venous re- 
turn and arterial pressure remained adequate (i). 

Altered capillary permeability is a prominent feature of myocardial injury in a number of 
circumstances. The human heart is edematous in failure (2). Hearts which have failed in isolated 
heart preparations also exhibit edema (3). Regions of tlie ventricle made temporarily ischemic by 
experimental occlusion of a coronary artery have been found to contain an excess of extracellular 
■water after as short a period of occlusion as five minutes (4). Asph}Tda and ano.xia produce pro- 
found alterations in the myocardial capillaries (5, 6). It therefore seemed possible that myocardial 
capillary injury might occur during the severe hypotension to which dogs are subjected in the Wig- 
gers procedure. If this were the case, the myocardium might become edematous and the edema 
itself cause progressive failure of the heart for purely physical reasons. 

The technique introduced by Manerj' and Bale (7) for measurement of the so-called ‘sodium 
space’ makes investigation of the volume of the extracellular fluid relatively simple. We therefore 
applied this technique to determine whether myocardial edema does develop in dogs subjected to the 
Wiggers procedure. 


METHODS 

The dogs used in this study were unselected mongrels and were for the most 
part well nourished and well hydrated. Anesthesia was obtained by using 125 to 
150 milligrams of sodium barbital and 3 milligrams of morphine sulfate per kilogram 
intravenously. No experiment -vt'as begun less than one hour following the injection, 
and fairly imiform anesthesia was obtained. Heparin was used as an anticoagulant, 
and we were unable to see that it was a significant factor in the production of any 
patholo^cal change. 

In the production of ‘hemorrhagic shock’ in dogs, we successfully reproduced the 
procedure described by Wiggers el al. (8). Fifteen dogs were used to develop facil- 
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ity with this technique (Series A), A similar series of 9 dogs (Series B) received radio- 
active sodium. The isotope was supplied as sodium carbonate. Prior to adminis- 
tration it was converted to isotonic sodium chloride and the -pK adjusted to 7.4 b}^ 
the addition of hydrochloric acid. After this the solution was carefully administered 
intravenously. At least one hour was allowed for the isotope to equilibrate in the 
sodium space. 

When the animal died or was killed, whole blood was drawn under mineral oil, 
and three samples of ventricular muscle were excised from the heart, which was often 
still beating. All possible blood was blotted from the sections, using gauze, and the 
chordae tendineae, fat and valves were removed from the tissue. One portion of 
the tissue was dried to constant weight in order to determine the ‘total water’ of the 
myocardium. 

To calculate the extracellular and intracellular water according to the method 
of Manery and Bale (7), it was necessary to determine the relative concentration 
of radioactive sodium in the heart muscle and in the sermn. 

Samples of heart muscle were prepared for counting by tv'o different methods. 
The first procedure involved extraction of the radioactive sodium. A sample of 
heart muscle was weighed, water added to bring the total weight to 200 grams, and 
the mixture macerated in a Waring Blendor for 20 minutes. The resulting mixture 
was centrifuged at 3500 rpm for 30 minutes. One milliliter samples of the super- 
natent fluid were placed in cups and dried slowly for 45 minutes in an oven. Then 
their activities were determined on a Geiger-Mueller Counter. 

In the second procedure, duph'cate samples of heart muscle were prepared for 
counting by dry ashing the tissue overnight in a muffle furnace at 500 to 600° C. 
The activity of the ash was then determined. Satisfactory checks were obtained on 
the activity of duplicate ashed samples. The activity of the ashed heart muscle 
was in all cases shghtly higher (3-10%) than the activity of water-extracted heart 
muscle. Dry ashing was then adopted as the method of choice because of its effici- 
ency and convenience. As a fiurther check on ‘background counts’ samples of 
heart muscle were also taken from normal untreated dogs, but no natural radioac- 
tivity could be detected in these samples. 

The whole blood obtained was centrifuged, and i ml. samples of senmi placed 
in cups, dried and counted. This procedure gave uniform samples for counting, and 
the activity of duplicate samples checked closely. 

Each sample container was counted several times and tliese counts were averaged 
as the count of the sample. This was compared with a duplicate sample treated in 
the same manner. The standard deviation of the difference between these two es- 
timates was determined and corrected for sample size. In the case of the heart mus- 
cle extracts, in 95 per cent of the cases the difference between duplicates was less 
tlian II counts per minute and the error of the mean of bvo such duplicates was 8 
counts per minute. Over the range of actmties observed in these extracts, this 
represents an error of about 8 per cent. In the case of the ashed heart samples the 
corresponding figure was about 5 per cent and for serum samples it was even less. 

The extracellular water of the ventricular myocardium was calculated according 
to the method of ]\Ianeiy and Bale (7), but no correction was applied for the Gibbs- 
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Doiman equilibrium or for the volume occupied by the protein of the serum. We 
felt that no such correction was justified because the effects tended to cancel each 
other in the case of sodium. Furthermore, Kaltreider and Meneely (9) were unable 
to find systematic differences between the activity of serum and the activity of 
transudates. We have followed the symbols used by Manery and Bale (7) ; (H20 )e, 
designates extracellular water; (H20)i, intracellular water, and (H20 t), total water. 
All these values were expressed as percentage of the wet weight of the ventricular 
muscle. 

It was further necessary to know the activity of the erythroc}’’tes, since 107 mil- 
liequivalents per liter of sodium are found normally in such cells in the dog. It was 
possible to compute the activity of the red cells by determining packed cell volume, 
the activity of whole blood, and the actixdty of serum. This was done in a series of 
6 control and 7 shock dogs. 

Eleven dogs (Series C) were used as controls. They were anesthetized in the 
same manner as the shock dogs, were given radioactive sodium intravenously and in 
an average of i hour and 5 minutes were bled from an artery, the beating heart ex- 
cised and samples of serum and heart muscle treated as under Series B. 

Six dogs (Series D) served as negative controls and were given large amounts of 
saline intravenously. The animals were anesthetized and given radioactive sodium 
intravenously. From a standard infusion set at a height of about 3 feet above the 
level of the auricle normal saline solution was permitted to flow as fast as the appar- 
atus would permit until the animals began to show some ill effects, such as abdominal 
distension, cyanosis, cardiac irregularity, or dyspnea. The infusion was then halted 
for intervals ranging from 30 minutes to an hour and then continued in the same 
manner until the animal’s death. 

Blood and myocardial samples were obtained and treated as were similar samples 
under i'emx B. Complete routine autopsies were performed on all dogs. The eryth- 
rocytes contributed from ii to 45 per cent of the activity of whole blood. The 
activity contributed by the red cells was directly related to the packed cell volume. 
In all cases there was hemoconcentration in shock dogs, and therefore the activity 
of whole blood as compared with that of serum was relatively higher in shock dogs 
than in the control animals. Actual determinations of hemoglobin residual in ven- 
tricular muscle samples were made in 6 dogs. These data showed that residual blood 
in such samples contributed so little activity to the sample that it was less than the 
error involved in the counting. Therefore, we felt justified in basing the calculation 
of (H20 )e and (H20)i on the activity of serum rather than that of whole blood. 

RESUTTS 

The distribution of water in the myocardium in Series B, C, and D is presented 
in table i. It is at once evident that there is no increase of myocardial extracellular 
water in dogs subjected to the Wiggers procedure (8) of hemorrhagic hypotension to 
induce irreversible shock. The mean extracellular water content of 24.7 ± 4.4 per 
cent of wet weight of tissue in these shock dogs is not different from the mean of 23,5 ± 
4.5 per cent present in controls. The control value is very similar to the data of 
Manery and Bale (7). The method is adequate for detection of edema as is shown 
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by the negative control dogs where the mean extracellular water content in the myo- 
cardium was 33.5 ± 3.6 per cent. This is significantly different from the positive 
control series. 


DISCUSSION 

The concept of developing cardiac edema as an explanation of the deterioration of 
the heart in irreversible shock was an attractive one. In a preliminary presentation 
(10) we actually suggested this possibility. Our hypothesis was certainly not borne 
out by the experiments reported above. It is evident that a subtler cause for myo- 
cardial deterioration in irreversible shock must be sought. 


Table i 


Series B 

DOGS SUBJECTED TO 

WIGGERS PROCEDURE j 

Series C j 

POSITIVE CONTEOIS 

(no hvpotension) 

Series D 

NEGATIVE CONTEOLS 

(saline intusion) 

1 




(HsOli 

No. 

(H=0)j. 

(HiO)i 

(HjOIt 

No. 

(HiO)e 

(H: 0 )i 

(HjO)t 

I 

22.8 

S 7.8 

80.6 

I 

00 

M 


77.6 

X 

31.6 

47-7 1 

79.3 

2 

31.8 

46.7 

78.5 

2 

27-3 


76.5 

2 

33-1 

48.2 

81.3 

3 

32.1 

46.9 

79.0 

1 3 

17-3 


82.0 

i 3 

40.1 

39-1 ] 

79.2 

4 

26.2 

49.2 

75-4 

4 

29.4 


79.2 

4 

34-9 

52.4 

87.3 

5 

20.7 

54-3 

75-0 

5 

24.8 

57.7 

82.5 

5 

30.4 

51.3 

81.7 

6 

23.6 

49-9 

73-5 

6 

16.5 

55-3 

71.8 

6 

31.0 

55.8 

86.8 

7 

21.7 

36.9 

78.6 

7 

27-5 

47.0 

74-5 





S 

21.4 

55-4 

76.8 

8 

25.8 

47.6 

73-9 





9 

22.2 

56.7 

78.9 

9 

19-3 

55-9 

75-1 









10 

23-4 

54.6 

78.0 









II 

1 

24.2 

55-9 

80. 1 



1 


1 


52.6 

± 5-5 


1 

23 -S 

± 4-5 

S 3 . 8 
± 5-5 

77-3 

±3-6 

\ 

33-5 

±3.6 

49.1 

±5.^ 

82.5 

±5.4 


Scries B dogs were subjected to hemorrhagic hypotension according to Wiggers’ (8) method. 
Series C dogs were treated in a manner identical with Series B dogs except that they were not sub- 
jected to hypotension. Series D dogs were given massive saline infusions to induce edema. 

(HiOIe is extracellular water, (H:0)i is intracellular water, (HsO)! is total tissue water: all 
expressed as % wet wt. of ventricular muscle. 


smiMAilY 

The method of Manery and Bale (7) was employed to measure the extracellular 
water of the myocardium in 3 groups of dogs treated in different ways: The first 
group was subjected to severe hemorrhagic hypotension to produce irreversible shock 
by the technique of Wiggers (8). The second group represented positive controls 
in that they were treated in the same manner as the shock dogs but were not bled. 
The tliird group, which served as negative controls, were given large and rapidly 
administered intravenous infusions of saline. 

The positive control dogs showed an extracellular water content in the myocardium 
of 23.5 per cent of the wet weight of tissue. This is in quite close accord with the data 
of Manery and Bale (7). The negative control dogs developed an edema of myocar- 
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dium obvious on gross and microscopic examination. The extracellular water in these 
hearts was 33.5 per cent of the wet weight of the tissue. This is significantly and con- 
vincingly different from the positive controls. Thus the method is adequate to detect 
edema when it is present. 

The extracellular water of the myocardium of the dogs subjected to Wiggers’ (8) 
hemorrhagic hypotension procedure was 24.7 per cent of the wet weight of tissue. 
There is, therefore, no edema of the heart in dogs subjected to this form of irreversible 
shock. 
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VASODEPRESSOR RESPONSES TO MORPHINE FOLLOVTNG 
HEMORRHAGIC HYPOTENSION'-' 
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From the Department of Medicine, Cornell University Medical College and The New York 

Hospital 

NEW YORK CITY 

M orphine sulfate is used extensively in cases of post-traumatic and hem- 
orrhagic hypotension to relieve the pain and emotional tension which many 
patients exhibit. Considerable differences have been encountered in the 
ability of these patients to tolerate the drug. In many instances, no untoward reac- 
tions are discernible; in others the administration of morphine leads to an exacerba- 
tion of the symptoms of shock. There would therefore appear to be significant varia- 
tion in the response to morphine depending on the precise state of shock at the time 
the morphine is given. 

In experimental studies the usual doses of morphine (1-5 mg.) have been found to 
have no significant hypotensive action in the normal dog (i). When morphine is 
administered prior to hemorrhage in normal dogs and in dogs during early or impend- 
ing shock following acute massive hemorrhage, there are no immediate vasodepressor 
responses demonstratable (2, 3). Systematic investigation has not been made con- 
cerning the effects of morphine during the progressive development of a state of shock 
which becomes increasingly refractory to blood replacement. The present report 
deals with the vascular responses to morphine when the agent is given during the 
appearance of the so-called ‘irreversible state’ of shock in dogs subjected to graded 
hemorrhage. 

Recent studies based on direct dbservations of the omental capillary bed (4) and 
bioassay of blood samples (5, 6) have indicated that the syndrome following prolonged 
hemorrhagic hypotension is divided temporally into three phases: 1) a hyperreactive 
period, with greatly heightened peripheral vasomotor reactivity, the presence of blood- 
borne vasoexcitor materials (VEM) and marked vasoconstriction of larger blood 
vessels; 2) a transitional period, in which the augmented vascular reactivity becomes 
less pronoxmced and the blood contains both vasoexcitor and vasodepressor materials 
(VDM) ; and 5) a hyporeactive period, characterized by diminished or absent vaso- 
motor activity, vasodilatation, and the predominance of vasodepressor substances 
in the blood. 

After restoring normotensive levels by transfusion during the hyporeactive stage. 
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the muscular vessels become only partially narrowed. The blood flow progressively 
improves but remains sluggish on the venous side of the circulation. Arteriolar and 
precapillary vasomotion does not reappear, however, and the epinephrine reactivity of 
contractile vessels increases but seldom returns to normal levels. Approximtely 
90 per cent of these animals succumb within 3 to ro hours after completion of the trans- 
fusion, with a gradual fall in blood pressures and progressive return of peripheral 
vascular dysfunction. The influence of morphine and certain other agents were de- 
termined with specific reference to each of these categories. 

Other investigators have injected morphine prior to bleeding (2), or at the end of 
one to three hours of moderate hypotension (3). In the latter instances, peripheral 
vasomotor reactivity was presumably still in the hyperreactive period described 
above, or in the transitional phase. It has been our experience that during this period 
the animal is still capable of handling vasodepressor substances, in contrast to their 
inability to do so during the subsequent vasodepressor stage of the syndrome (6). 
Moreover, morphine administration during the period subsequent to transfusion 
closely duplicates the situation in clinical shock when this agent is frequently given 
post-operatively to patients who have been in shock and transfused. 

For this reason, most of the experiments reported here deal with the vascular 
effects of morphine injected intravenously after the prolonged hypotensive period has 
been terminated by whole blood transfusion. Post-transfusion blood pressures at the 
time morphine was administered were essentially similar to those of the control unbled 
animals. This procedure permitted a comparison of the effects of morphine on ani- 
mals in the control and in the experimental group with comparable blood pressure 
ranges. 

METHODS 

Hemorrhagic shock was induced in dogs in which the omentum was exteriorized for microscopic 
study. One group o£ dogs were anesthetized wdth morphine sulfate, 2 mg. intravenously or 12 mg. 
subcutaneously per kg. of body weight. Such doses produce a euphoric state in the dog which does 
not actually represent a state of true anesthesia. These animals were compared to a control group 
receiving no general anesthesia. In both groups of animals local procaine anesthesia was emplo3'ed 
for cannula ting the femoral artery and for exteriorizing the omentum. Also included in the present 
report are several animals anesthetized with cyclopropane and subjected to hemorrhagic shock. In 
most instances the omentum was exteriorized and kept both warm and moist by a continuous irriga- 
tion with Ringer-gelatin maintained at body temperature. This technique has been described in de- 
tail in a previous publication (4). Mean blood pressure was recorded continuously by a mercury 
manometer from the femoral artery. Morphine was administered intravenously (2-6 mg/kg.) during 
the shock syndrome. On a second group of hemorrhaged animals, morphine was given intravenously 
following the restoration of normal blood pressure ranges by blood transfusion at the onset of the 
h^TJoreactive state. 

RESULTS 

Unhemorrliaged Animals 

Local anesthesia. Fifteen animals (8-15 kg. in weight) were prepared by using 
a i.o per cent procaine solution to produce abdominal field block and the omentum 
exteriorized for microscopic study. No other medication was given. Blood flow was 
found to be rapid throughout the arteriolar and venular systems. Spontaneous 
vasomotion of the terminal arterioles and precapillary sphincters was active and was 
predominantly in the ‘closed’ or constricted phase. Capillary blood flow was inter- 
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mittent and asynchronous. The threshold response of the terminal smooth muscle 
components of the bed to topically applied epinephrine occurred with concentrations 
of one part in five to ten million. The arterial blood pressure averages 128 mm. Hg 
zb 10 mm. 

Morphine anesthesia. Morphine sulfate, 2.0 mg/kg., was slowly injected intra- 
venously (over a 15-20-second period) into 14 dogs. An equal number were given 12 
mg. morphine/kg. subcutaneously. The omentum was then exposed following local 
infiltration with procaine and examined under the miroscope. 

There were no pronounced differences in the peripheral circulation of the omentum 
of these animals as compared to that of the controls (table i). Spontaneous vaso- 
motor activity was in general as frequent and of a duration similar to that in the 
unmorphiniaied dogs. Arteriolar tone and peripheral blood flow was comparable in 
both groups. The epinephrine reactivity of the terminal arterioles and precapillaries 
in animals receiving morphine was slightly below those of the control dogs (table i). 


Table i. Omental circulation in control dogs before bleeding 


! 

ANESTHESIA j 

1 

1 

NO. 

OF 

DOGS 


BLOOD FLOW 

VASOiTOTION 

TONE or VESSELS 

EPINEPHIUKE 

BEACnVITY* 

1 

None^ 

IS 

128 

Intermittent, 

rapid 

Prominent 

i 

1 

Arterioles and ven- 
ules narrow 

1:8,000,000 

Morphine sulfate 
(2-12 mg/kg.) 

rS 1 

! 

120 

Intermittent, 

rapid 

Slightly exag- 
gerated 

Arterioles narrow; 
venules slightly 
dilated 

i I ; 6 , 000, 000 


^ Omentum exposed by abdominal field block with 1% procaine. * Topical application of 
epinephrine — minimal effective concentration. 


Bemorrhagic Shock 

Morphine prior to blood inftision. A series of 7 dogs were bled to shock levels and 
morphine was administered during different stages of shock (table 2). During the 
h3rperreactive stage, morphine had no vasodepressor action {dog 154 — local procaine 
anesthesia, and dog 36 — ^morphine sulfate — 1 2 mg/kg.). One animal {dog 1 33 — cyclo- 
propane) was given morphine during the transitional stage just before the peripheral 
blood vessels became hyporeactive. The blood pressure fell slightly for a short period 
and then returned to its original level. Four dogs {7ws. 100, loi — morphine sulfate — 
6 mg/kg.; 23 — ^morphine sulfate — 2 mg/kg.; 146 — ^no general anesthesia) were 
given morphine during the h)p)oreactive stage of shock and in 3 of these {dogs 100, loi, 
146) the blood pressure fell precipitously, necessitating immediate transfusion. 

Morphine following infusion of blood. Eleven dogs anesthetized with morphine 
sulfate (2 mg. intravenously or 12 mg. subcutaneously/kg. body weight) and two dogs 
receiving no general anesthesia were bled by graded hemorrhage until the vascular 
bed in the omentum had become h3p)oreactive (in two of the dogs, the hyporeactive 
stage was determined by assay of the blood). The blood pressure in these ani- 
mals was on the average from 30 to 40 mm. Hg. The reactivit}’- of the terminal 
arterioles to epinephrine was in the range of one part in 500,000 as compared with con" 
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trol responses to one part in 8 to 10,000,000 of epinephrine. Vasomotion was de- 
pressed and often absent. Blood flow through the collecting venules and the larger 
veins (100-150 n) was sluggish. The animals were then infused with all of the blood 
previously withdrawn. The blood pressure in all cases but one {dog gg) returned 
to the 100 to 120 mm. Hg range. With the restored blood volume, mechanical 
speeding up of blood flow through the capillary bed occurred. The terminal arteri- 
oles underwent a moderate narrowing. The responsiveness of the muscular vessels to 
epinephrine rose, but did not regain control values. Vasomotion was only slightly 
influenced, if at all, usually remaining depressed. 


Table 2. Morphine administered during shocked state 




STAGE or SHOCK 1 

! MOR- 

i ErrECTS 


DOG 

ANESTH. 


1 

PHINE 



EEiTARKS 

B.P. X min. 

Omentum 

DOSE* 

Blood Pressure ! 

Omentum 






mlkg. 




154 

None 

<80 mm. X 30 

Hyper- j 

2 

No change 

Unaffected 

Recovered spon- 




reactive 




taneously 

36 

M.S.* 

<60 mm. X 120 

H>'per- 

3 

No change 

Unaffected 

Reversible by in- 




reactive 




fusion 

153 

Cyclop, 

<80 mm. X 90 

Transi- 

2 

Transient 

Flow slowed 

Reversible by in- 




tional 


fall to 60 


fusion 






mm. 




M.S, 

<40 mm, X 90 

Hypore- 

3 

Fell to 25 

Stagnant 

Required infu- 


M.S. 

1 

1 

! 

active 

1 


mm. 


sion to halt 
circulatory de- 
t pression 


<40 mm. X go 


3 

Fell to 20 


Died despite in- 






mm. 


fusion of blood 

23 

M.S. 

<60 mm. X 120 

Hypore- 

I 

Fell to 40 

Slowed, ar- 

Irreversible to in- 



1 

active 1 


mm. 

terioles 

dilated 

fusion 

146 

M.S. 

<60 mm. X 180 

Hypore- 

2 

Fell to <20 

Stagnant 

Died in 3 hours 



! 

active 

1 


mm. 

I 

1 

despite large 
blood infusion 


1 Intravenously administered, * M.S. = morphine sulfate. 


At this Stage, morphine sulfate was given to these animals. In all but two cases 
(table 3, dogs ig, 72), in contrast to the absence in unbled animals of any observed 
effect of such doses of the drug, the blood pressure fell to subnormal levels (a drop of 
40-50 mm. Hg) within 3 to 15 minutes. It then continued to drop more slowly from 
these values. Concomitant with the fall in blood pressure, the arterioles and pre- 
capillaries in the omentum became dilated. The blood flow through the capillaiy bed, 
especially on the venous side, became sluggish. The threshold response of the mus- 
cular vessels to epinephrine rapidly fell to the depressed values present during the 
hyporeactive stage of shock. Only one of the affected animals {dog 68) showed a spon- 
taneous recovery from this condition, returning to a blood pressure of 85 mm. Hg 
within 45 minutes. In the remaining 9 cases the hypotension persisted and it was 
found necessary to transfuse the dogs in order to avoid a rapid exitus. Four of the 
dogs died despite repeated transfusion therapy at this stage. 
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DISCUSSION 

It has been shown previously that morphinized dogs (2-6 mg/kg.) developed a 
more pronounced depression of the peripheral vascular system in the terminal stage 
of hemorrhagic shock than non-morphinized control animals (7). However, no major 


Table 3. Morphine administered to shocked dogs after blood infusion during 

HYPOREACTIVE STAGE 


DOG 


CONUmON OF ANniAX 

MOR- 

PHINE 

DOSE* 

EFFECTS 

REMARKS 

Pre-infu- 
sion‘ Blood 
Pressure 

Pos 

Blood 

pressure 

t-infusion 

Omentum 

1 Blood 
' Pres- 
sure 

Omentum 


per 

mm. Bg 

mm. Bg 


mg/ 

mm. 




H. 

X hrs. 

X Itrs. 


tg- 

Bg 



to 

2 mg. 

<70 X 3.0 

no X 3-0 

Normal reac- 

0.4 

No 

No change 

Animal reversible 




! 

tivity 


change 



< 5 S 

1 12 mg. 

A 

0 

X 

100 X o.s 

Normal reac- 

I.O 

Fell to 

Slowing of 

B.P. and flow restored in 


1 

1 


tivity 


75 

flow 

35 min. 

tll 

None 

t <40 X 2 .S 

no X 0.5 

Arterioles tonic 

2.0 

Fell to 

Flow stagnant 

B.P. and flow restored only 







70 


by infusion of 150 cc. 









blood 

loy 

None 

<40 X i.s 

100 X o.i 

Hsporcactive 

2.0 

Fell to 

Flow sluggish 

Died in 20 min. despite in- 







60 


fusion 

00 

3 mg. 

0 

X 

0 

V 

50 X 0.5 

Hyporeactive 

2.0 

Fell be- 

Complete ces- 

Died in 10 min, despite 







low 

sationofflow 

infusion 

1 

38 

13 mg. 

<60 X 4-5 

go X 0.7s 

Reactivity some- 

a .7 

Fell to 

Flow slowed 

Died 3 hrs. later 



j 

1 

what improved 


70 

especially in 









veins 


S6 

13 mg. 

<60 X 3 -S 

100 X 0.5 

Hyporeactive 

3.6 

Fell to 

Dilatation of 

B.P. and flow restored 




i 



70 

arterioles 

by infusion of saline 



1 

1 


1 



10 cc/kg. 

47 

IS mg. 

<50 X 3'0 

100 X i.o 

Tone of vessels 

4.2 

Fell to 

Pronounced 

B.P. and flow slowly re- 





somewhat im- 


So 

slowing of 

’ stored by repeated in- 





proved 



flow 

fusions 

73 

IS mg. 

<60 X 6.0 

no X 2.0 


4.8 

Slight 


No change for x hr. then 







falJ 


sudden collapse 

57 

22 mg. 

<50 X 3.0 

ns X o.s 

Circulation im- 

6.0 

Fell to 

Temporary 

B.P. and flow restored by 





proved, reac- 


70 

slowing of 

saline-pitressin infusion 





tivity still sub- 



flow 






Donnal 





30 

xs mg. 

<70 X 5.5 

100 X 2.0 

Circulation al- 

6.0 

Fell to 

Arterioles di- j 

B.P. and flow restored by 





most normal 

1 

60 

lated j 

infusion of saline 5 cc/kg. 

58 

IS rag. 

<50 X 5<o 

los X o.s 

Circulation im- 

9.0 

Fell to 

Stagnant ! 

B.P. and flow restored by 





proved, reac- 


30 


saline-albumin infusion 





tivity still sub- j 




6 cc/kg. 





normal 





33 

IS mg. 

<50 X 4-0 

100 X 0.2 


10.0 

Fell to 1 


Died in 1.5 hrs. despite 


1 





< 5 s 1 


infusion 


* M.S. = morphine sulfate. * Omentum in hyporeactive state. > Intravenously administered. 


differences were observed in the depth or duration of the hypotension, or in the rel- 
ative blood-loss necessary to produce eventual irreversibility to whole blood restora- 
tion. Similarly, both in dogs with no general anesthesia and dogs under morphine, 
the hyperreactive phase of early hemorrhage was of the same general range and du- 
ration. These findings, together with the comparatively unimpaired vascular re- 
activity foimd in the morphinized unbled dogs in this study, suggest that the periph- 
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eral vasomotor mechanisms prior to and during early blood-loss can compensate 
for any vasodepressor properties of morphine in doses of i to 3 mg/kg. 

The effects of morphine during the subsequent course of the hemorrhagic shock 
syndrome appear to depend upon the duration of profound hypotension and the 
dose of morphine employed. Thus, the three animals receiving 2 to 3 mg. of mor- 
phine per kg. of body weight prior to the development of hyporeactivity in the omen- 
tum showed either a negligible or transient fall in blood pressure and slowing of 
omental circulation. This is in agreement with the observations of Reed and co- 
workers who likewise administered morpliine early in hemorrhagic hypotension (3). 

Morphine administered during the hyporeactive stage of shock ivas followed hy 
a profound and sustained fall in blood pressure together with a considerable slowing 
of the peripheral circulation. Morphine administered to dogs which had been trans- 
fused during the hyporeactive stage of shock likewise produced a rapid deterioration 
of the peripheral circulation and a significant lowering of the blood pressure. It is 
evident that animals which have already suffered peripheral vascular damage are 
especially susceptible to the vasodepressor action of morphine. This is of consider- 
able significance in the use of morphine as an analgesic agent in the immediate post- 
hypotensive period. In dogs subjected to hemorrhage such medication is definitely 
contraindicated. 

The precise mechanism whereby morphine acts to depress the peripheral circu- 
lation is not clear. The presence of considerable amounts of a vasodepressor prin- 
ciple \T)M in the blood during the latter stages of hemorrhagic shock suggests that 
morphine may intensify the decompensatory action of this principle on the peripheral 
vessels. Whether the effect is myotoxic or is mediated through an interference with 
the s)anpathetic vasoconstrictor impulses in the terminal vessels remains to be 
determined. 

SUMMARY 

Based on changes in blood pressure and direct visual observation of omental 
peripheral blood vessels, usual doses of morphine (2—12 mg/kg.) in unhemorrbaged 
dogs produce no notable disturbances. 

Morphine (2-3 mg/kg.), when given early in hemorrhagic shock, is followed by 
no sustained vascular depression. Morphine (0.4 to 10 mg/kg.) administered durmg 
latter stages of hemorrhagic shock usually lowers the blood pressure and depresses 
the peripheral circulation for a variable period of tune. The vasodepressor effect 
does not appear to be directly related to the dosage administered. 
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EFFECT OF ALTITUDE ON RESPIRATORY FLOW PATTERNS' 
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S tudies of breath velocity and the timing of the various pJiases of tJie breath 
were begun b}’’ us in connection with tJie physiological assessment of high 
altitude oxygen equipment.^ The need for fundamental data regarding the 
behavior of breathing in response to physical changes in the atmosphere is apparent 
from the lack of treatment of this subject in physiology texts and the preoccupation 
of phj'^siologists with the effects of variations in the partial pressure of oxygen and 
carbon dioxide. 

FJeisch (i, 2) and Bretschger (3) made breath velocity analyses, demonstrating some of the 
neuromuscular and ph)-sical factors which interact in pulmonar}- ventilation. Gukelberger (4, 5) 
made particularly sensitive analj’ses of normal breath velocity patterns in terms of acceleration 
values, but without attempting physical analysis of the non-physiological components. Silverman 
et ah (6, 7) studied the effects of various pulmonary disease conditions on the breath velocity pattern 
but did not consider the methods of pattern analysis which had been made by Gukelberger, probably 
because of the isolation of European literature occasioned by World War II. Silverman’s analysis 
did not consider physical changes in the inspired air as used in palliative and therapeutic helium 
treatment. Dean and Visscher (8), on the other hand, did not use the pneumotachographic method in 
analj'zing the mechanism of helium-o.vygen administration in pulmonary obstruction therapy. Thus, 
despite a few observations by Pappenheimer and Lilly (9) in 1943 and the 1926 work of Fleisch (2) 
on breath mechanics at altitude (which, incidentally, demonstrated certain of the phenomena reported 
here and indirectl)’’ supports our hypotheses) the essential effects on breathing of the physical factors 
introduced by the atmosphere, have not been recognized. 

MTile our studies originated in response to the need for flow patterns which 
would facilitate the efficient and safe design of o.xygen regulators and mask valves, 
the studies soon led into considerations of the relations between various phases of 
the breath and their bearing on the efficiency of pulmonary functions affecting gaseous 
exchange in the pulmonary system. The data presented are intended to show 
primarily the norms of breathing behavior under rather special conditions, and 
secondarily, the physical basis for the responses of the pulmonary ventilation to 
breathing at high altitude, and their possible application in assays of pulmonary 
function. 

Early obsen^ations (10) on respiratoiy behavior made with closed circuit o.xygen 

Received for publication Januarj' xi, 1949. 

^ A resume of this work was presented at the Symposium on Military Ph3'siolog}' Dec. 4-6, 
^ 947 , at Walter Reed Hospital, Washington, D. C. 

' The Engineering Division, Bureau of Aeronautics, Navy Department, sponsored this work 
under T.E.D. No. NIH 2517. The Bureau of Medicine and Surgery', Research Division, Nav^- 
Department encouraged the prosecution of these studies in respiratory^ phenomena, and we are 
indebted to the Naval IMedical Research Institute for furnishing us with medically screened volun- 
teers from their staff. 
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regenerating s5'-stems indicated to us that ascent to 30,000 feet simulated altitude 
induced a decrease in respiratory rate and a compensatory increase in tidal volume 
resulting in relative constancy of minute volume. It is probable that the attain- 
ment of this relation was fortuitous and due to the particular experimental setup, but 
the general effect of altered breath timing has been substantiated in our later work. 
Since full oxygenation of the blood was assured at altitude by the conditions of the 
experiments, it was deduced that, in contradiction to all but Barach’s (ii) hypothesis, 
the factor which brought about these changes was gas density or a related physical 



Fig. I. Flow jieasuring instrument and necessary apparatus; a, wire suspension; b 
breathing tube; Cj and Cj, bracing; d, valve housing; e, e.Ypiratory tube; /, inspiratorj’’ tube udth 
outlet; g, spirometer; //, iris diaphragm resistance on inspiratory tube; i, mercury arc lamp;y, pro- 
jection system to camera (not shown); k, heater unit to prevent condensation on window; /, pressure 
tube to m, relay switch for activating n, spring opposed solenoid; 0, Borda mouthpiece to replace 
valve when breathing air. 

property. On the strength of these observations a series of experiments was set up 
to measure quantitatively the changes induced in the timing of the phases of the 
breath cycle and in breath velocities. 

.APP.AR.ATUS AND TEST CONDITIONS 

The desirability of influencing breath velocity as little as possible by frictional 
resistance in the air stream (which would also respond to changes in density) led to 
the adaptation of the flowmeter design used by Silverman (12) modified in certain 
respects as described in (13) and shown in figure i. Essentially, the instrument 
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records photographically the deflection of the shadow of a fine wire stretched through 
the breath stream. Since a record of both expiratory and inspiratory flows was 
desired, it was necessary to add dead space in excess of that of the mask. Data 
presented by Stannard and Russ (14) on the effects of added dead space on the 
ventilation indicate that a gain of about 16 per cent in the tidal volume results from 
a dead space of about 150 cc. (slightly more than the volume of the flowmeter). 
They found no consistent influence on the breathing rate. 

A double butterfly valve (13) actuated indirectly by the breath pressure was 
used to insure proper circulation of the respired gases from the distal end of the 
flowmeter. It offered ndinimal resistance to all flows encountered. A backflow, of 
low order as compared to sensitive rubber valves (12) used for the same purposes, was 
incurred by the unavoidable delay of the tripping mechanism. In common with 
other valves, efficiency rises with the respiratory rate and breath velocity. 

The valve openings were cormected distaliy to a closed ojygen circuit of 1.25 
inch i.d. rubber tubing, disposed in such a manner as to avoid sharp turns and con- 
necting with a recording spirometer which had a CO2 absorbing filter in the e^iratory 
duct and an adjustable iris diaphragm for adjustment of resistance in the inspiratory 
duct. 

Measurements of the pressure drop from mask to spirometer with constant 
velocity, using a rotameter in place of the subject, were made with a slant manom- 
eter. The pressure drops at various airflows were as follows: 

‘expirahok’ ‘jnspibation’ 


l/ltlff. 

PBESSUBE IN MM. HiO 

StJCnON IN MM, 

so 

•= 1.4 

»» l.I 

40 

= 2.2 


so 

= 3-9 

= 2.0 

70 

= 5.8 

= 3.0 

So 

= 7 -S 


100 

= 9.0 

= 4.0 


Measurements with oxygen instead of air gave essentially equivalent values, indicat- 
ing that orifices in this system were large enough to have only a negligible influence 
at the velocities encountered. 

The restriction caused by a standard setting of the iris diaphragm resulted in a 
loo-fold increase in inspiratory suction at peak flows, as shown by the following 
data, which suggest a slight difference between air and oxygen in this respect: 


i/min. 

‘OfSPIRAllON’ 
(restricted) air 
■ SDcrroN IN MM. HiO 

•inspiration’ 
(restricted) oxygen 
SDCnON IN MM; HiO 

>20 

= IS 

= 20 

30 

= 38 

= 4 S 

40 

= 83 


so 

= 140 

= IS 4 

60 

= 212 

= 227 

70 

= 303 

= 318 


A comparison of measurements of breath patterns obtained when breathing air 
through the flowmeter alone and through the flowmeter with the added valve and 
spirometer circuit were made in order to assess the alterations induced by these 


268 


SPECHT, MARSHALL AND HOFFMASTER 


VoUime 157 


factors of resistance. As indicated above, the flow pressures due to unrestricted flows 
of the order encountered in normal breathing (up to 70 1 /min.) were very low. Such 
pressure changes are minor in comparison with other uncontrolled factors affecting 
breath velocity, and hence do not correlate with respiratory responses. However, 
paired e:^eriments on five subjects showed that the addition of the valve and spirom- 
eter caused a statistically significant 31 per cent increase in the length of the res- 
piratory cycle; a 10 per cent decrease in the maximum velocity of inspiration and a 
32 per cent increased rate of termination of inspiration (Ipd) were not statistically 
significant. 

It was fully appreciated that so-called ‘normal’ conditions of breathing could 
not be expected, even though further precautions might be taken, since most in- 
dividuals change their breathing response when confronted with a mask and res- 
piratory measuring devices. It is felt that a knowledge of these changes induced by 
the experimental procedure will assist in the interpretation of the data. 

SUBJECTS AND TEST PROCEDURE 

Subjects for this study were 32 male volunteers, previously indoctrinated for 
altitude work by the Naval Medical Research Institute staff. Their ages were; 
6 at 17 years; 20 at 18 years; i at 19 years; i at 26 years; i at 29 years; 2 at 30 years, 
and I at 36 years. In general, , they were not apprehensive, since the whole test 
routine was run off at ground level before the altitude run was made. A few ex- 
perienced some difficulty on descent due to ear block, but this was subsequent to the 
tests. Only one man reported gas pains at altitude but was able to complete the 
tests. 

A concise outline of procedure in non-technical words was given before the test 
in order to obtain proper cooperation in maintaining the seal of the mask and in 
following the variations of the procedure. It was emphasized that the subject was 
breathing full oxygen at all times. The breathing circuit was flushed out with O2 
before each recording. 

The subjects sat with chest erect so that the face rested firmly in the inflated 
rim of the mask. The principal opening of the mask was of the same bore as the 
flowmeter and was placed directly before the mouth and nares. The subject was 
instructed to breathe as naturally as possible both in the trial period and during the 
recording. After the test was completed it was ascertained whether or not the sub- 
ject had resorted to mouth breathing. 

The record was preceded by a baseline recording which required the subject to 
hold his breath momentarily, and this was followed by a series of 8 to 10 breaths 
before further recording. At the end of this interval, inspection of the spirogram 
indicated to the operator whether or not a characteristic record coxild be taken. 

A record of at least 4 consecutive breaths was taken with the subject at rest. 
This was followed by a record during an arbitrary constriction of the inspiratory 
path by means of the iris diaphragm. The subject was then exercised by making 
15 deep knee bends from a standing position at a rate of his own choosing, but not 
including perceptible pauses. The subject steadied himself, if necessary, by one 
hand. 
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Following the exercise the subject breathed through the flowmeter, and a record 
was made without intervening breath holding in order to obtain the most enhanced 
velocities subsequent to the exercise. A second bout of exercise, but limited to 10 
deep knee bends, was performed by the subject prior to breathing on the restricted 
circuit. Pulse rates were recorded after both bouts of exercise to indicate whether 
or not equivalent stress had been effected. The pulse rates approximated 125 to 
130/minute and indicate a work equivalent to about 600 kg.M/min. (5). 

This routine was repeated precisely shortly after attaining an altitude of 30,000 
feet at a rate of 3000 feet per minute. The subject was provided with full oxygen 



Fig. 2. One respiration from sample tracing showing most of the points discussed. Subject 
at rest breathing O2 at 30,000 ft. simulated altitude. Time signals at bottom of record in seconds; 
horizontal lines 5 mm. apart. Ink spots show approximate location of numbered reference points; 
I to 2 = duration of inspiration (/j); 2 to 3 ~ duration of e.xpiration {Es)\ 3 to 4 ~ duration of ex- 
piratory pause (Eps); i to 4 = duration of total breath (Bs); 5 = inspiratory maximum deflection 
(87 1/min.) (Iiiix)-, 8 = expiratory maximum deflection (132 liters per minute) {Emx)] i to 5 = in- 
spiratorj' acceleration (/a); 2 to 7 = expiratory acceleration (Ao); y to 6 = inspiratorj" plateau {Ip); 
7 to S — ex^piratory plateau {Ep); 6 to 2 = inspiratory drop {Id); 8 to 3 = expiratory drop {Ed). 

during ascent and at altitude, and changed from mask to flowmeter and back while 
holding the breath momentarily. 

Velocity calibrations were made after each run and applied to the individual 
records. ' 


jwethod of analysis of the data 

The primary data obtained from these tests were the breathing pattern photo- 
graphically registered from the wire shadow and the displacements of the spirometer 
m the breathing circuit. A sample tracing is shown in figure 2. 

The velocity pattern was resolved into the following items which appeared to be 
phenomena common to each breath, except as noted; 

I. Inspiration. The time in seconds from the rise from the resting position of 
the wire to the return to that level, (Is). 
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2. Inspiralory-cxpiralory pause. The time in seconds from end of i to the 
crossing of the wire in the opposite direction from the resting position, (Ips). Ab- 
sent in most individuals, especially after exercise. 

3. Expiration. The time in seconds from the end of 2 to the return of the 
wire to the resting position, (Es). 

4. Expiralory-inspiralory pause. The time in seconds from 3 to the rise from 
the resting position of the wire denoting the next inspiration, (Eps). Many indi- 
viduals do not haA^e it at ground level. 

5. Total time for one breath cycle in seconds, (Bs). 

6. Rate of respiration, (60/Bs). 

7. Inspiratory ‘peak’ velocity. The velocity attained at the beginning of the 
plateau phase in inspiration in liters per minute (Imf). 

8. Expiratory ‘peak’ velocity. As in 7 but for the e.xpiratory phase. 

Both the inspirator)'^ and expiratory velocit}' records were further analyzed into 
three parts: acceleration, plateau and deceleration, as listed below. In our e.x- 
perience the plateau was almost alwaj'S somewhat rounded, and in approximately 
three fourths of the cases the plateau had a definite negative slope. The remaining 
cases were level or had a positive slope. 

9. Inspiratory acceleration. Rate of increase in velocity in liters/min/sec., (la). 
In tests with inspiratory restriction this was used only in calculating breath volume, 
since an initial backflow allowed a momentary'- ‘spike’ to develop. 

10. Inspiratory plateau. Magnitude and sign of slope of plateau in liters/min/ 
sec., (Ip). 

11. Inspiratory deceleration. Rate of decrease in velocity in liters/min/sec., (Id). 

12. Expiratory acceleration. As in 9 (Ea). 

13. Expiratory plateau. As in 10 (Ep). 

14. Expiratory deceleration. As in ii (Ed). 

From the spirometer tracings the following additional measurements were made: 

15. Tidal volume in liters, (Tv). 

16. Minute volume. Liters of gas ventilated through the lungs. Calculated 
from 15 and 6 (Mv). 

The photographic records were provided with time lines at 1/240 and i-second 
intervals. It was customary to measure time intervals from the record b}'- means of 
a proportionally adjustable rule in order to allow paper speed differences to be 
equated. The rule was marked in tenths of a second and allowed estimation of .05 
second. The records were run at such a rate as to allow reasonably accurate meas- 
urements to be made with this method. 

Due to mechanical limitations of stretched or suspended wires, as in this flow- 
meter, the zero positions following inspiration and e.xpiration were different. The 
damping of this particular instrument caused the variations in absolute position to 
be more pronounced than would be the case if free oscillation had been permitted. 
However, this deviation was known and accounted for in estimating pauses, which 
appear in the record as level stretches in the pattern in the immediate vicinity of the 
arbitrar}”- zero position. The ma.ximum zero displacement found in our instrument 
was ±3 mm. from the resting position at an optical magnification of about 250 
diameters. This corresponds to an apparent velocity of about 12 liters per minute. 
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Table i. RESPiEAxoRy pattern data at ground level and altitude, with 

AND WITHOUT EXERCISE 



RESTl 

1 

EXEEaSE® 


Ground ILevd 

1 30,000 Feet 

Ground Level 

30,000 Feet 


seconds 

seconds 

seconds 

seconds 

Inspiration 

i.43od:.2g8 

I. 440 ±. 29 I 

I.298i.252 

1 . 293i . 294 

Ihsp. pause 

.04S=b.o89 

. 072±.095 

.oo2i.oo9 

.o 87 i .093 

Expiration 

i.622±.4i8 

i.490±-373 

1 - 333±*262 

i. 363 i .392 

Exp. pause 

.I22±.i66 

.320^.241 

.023i.o67 

.o88i.ii4 

Total 

3.217^.762 

3.285^:667 I 

2.655i.sio 

2 . 83 ii .793 


no. 

i 

no. 

no. 

no. 

Respirations per 

19.69^4. 13 

19.27i4.38 

23.48i5.12 

22.83i6.5r 

minute 

(11.3-27.9) 

(11.8-30.3) 

(18 • 3 - 34 - 7) 

(14.0-35.3) 


l/min. 

l/min. 

l/min. 

l/min. 

Inspiratory peak 

43 .o± 9 -S 

43 .oii 2.4 

47.9iii.i 

59 . 6 i 27.7 

flow 

(21-66) 

(12-97) j 

(32-74) 

(18-117) 

Expiratory peak 

48 .s=bi 2.7 

56 . 9 ii 9.9 

54 . 5 i 2 i .8 

8o.8i4i.9 

flow 

(19-71) 

(17-134) 

(j6-io8) 

(18-203) 

Inspiratory 

Acceleration 

ii2.6±32.9 

liters/ni 

I 2 i. 9 i 52.7 

\in/sec. 

l 38 .li 49-6 

27i.8i233.6 

Inspiratory 

Plateau 

i 

— i2.6±i7.o 

— i6.5i20.2 

— I2.9ii7.6 

— 6.0i2S.2 

Inspiratory 

Deceleration 

i 

-98.5±37.i 

— io6.4i46.i 

— I26.8i46.2 

-I 97 . 5 ii 49 -i 

Expiratory 

Acceleration 

i 

ios. 4 =fc 34.4 

I 32 . 7 i 44,6 

I 45 . 8 i 65.7 

279.3i2or.o 

Expiratory 

Plateau 

— 24.o±26,6 

— 32.3i32.o 

— 37.li22.2 

— 48.ii6o.4 

Expiratory 

Deceleration 

1 

- 65 . 9 ± 3 I .6 

- 74 . 9 ^ 52.9 

— 95.2i28.7 

— i93.6i2io.9 


Hlers 

liters 

liters 

liters 

Tidal 

o.773±o.is6 

o. 696 io.i 36 

0.923i0.304 

I.044i0.222 

Volume 

(.52-1.13) 

(.49-1.10) 

(.50-1.76) 

(.66-1.43) 

Minute 

14.86i3.29 

13.04i2.37 

20 . 49 i 4.76 

23.73i9.40 

Volume 

(9.6-25.8) 

(9.2-19.5) 

(14.4-28.3) 

(iS- 3 -SO-S) 


^ Values are means of 32 subjects’ averages, 2 to 6 breaths per subject, and std. dev. ^ VaJues 
arc means of 12 subjects’ averages, 3 breaths per subject, and std. dev. Values in parentheses 
are ranges. Negative sign denotes deceleration. 


but lies in the lower extrapolated portion of the calibration. This action of the wire 
did not interfere with the accuracy of measurement of the velocities given in these 
data since due allowance was made for the proper zero positions. 

RESULTS 

The data compiled from the series of tests on Navy volunteers are, shown in 
tables 1 and 2. The means shown are the means of the mean values for individuals, 
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weighted equally and thus give an indication of the variation in the population which 
we studied. 


Table 2. Respiratory pattern data at ground level and altitude ivith and 

WITHOUT EXERCISE, WITH ADDED INSPIRATORY RESISTANCE 



BEST 

EXEBOSE 


Ground Level 

30,000 Feet 

Ground Level 

30,000 feet 


seconds 

seconds 

seconds 

seconds 

Inspiration 

i.422±.288 

I.40Srfc.304 

i. 339 rfc .226 

i. 23 rrfc. 26 o 

Insp. pause 

. O 40 ± . 080 

.o 8 ldr.o 84 

.oo 4 rfc.or 4 

. 038^.064 

Expiration 

i.448±.287 

I.349rfc.28o 

I. 263 rfc .232 

i.298±.387 

Exp. pause 

.oS7±.o9i 

.278dr.259 

.004rfc.0I4 

.o 5 orb .072 . 

Total 

2 . 968^.627 

3.II4±.734 

2 . 6 iorfc .424 

2 . 6 l 8 rfc .670 


no. 

nc. 

no. 

no. 

Respirations per 

2 r. 16 rfc 4.87 

20 . 39 rfc 5.28 

23 . 62 rb 4.26 

24 . 23 rfc 11.19 

minute 

( 15 . 9 - 28 . 3 ) 

( 13 . 9 - 28 . 7 ) 

1 

( 18 . 5 - 30 . 8 ) 

( 14 . 4 - 35 - 9 ) 


lltr.in. 

l/min. 

llmin. 

llmin. 

Inspiratory peak 

34.6±8.7 

34.8dbi2.4 

44.8rfcio.7 

59.irfci8.7 

flow 

( 2 <>- 66 ) 

( 13 - 63 ) 

( 26 - 72 ) 

( 11 - 94 ) 

Expiratory peak 

44.9±I3-7 

46.Srfci7.o 

63.7±25.6 

85.2rfc3C).4 

flow 1 

1 

( 26 - 75 ) 1 

( 9 - 85 ) 

( 27 - 118 ) 

1 

( 25 - 144 ) 

Inspiratory 

Acceleration 

r33.8rfcx7.8 

Ulerslm 

i48.9rfc7S.3 

nnjsec. 

1 

2I0.3rfc77.8 

1 

388 . 7 ^ 685.6 

Inspiratory 

Plateau 

-i 6 . 8 rfc 8.8 

— I.Orfcl4.9 

— I 4 .Irfcl 8.6 

-4.9dfcx3.o 

Inspiratory 

Deceleration 

-98.8rfc45.7 

— rr4.4rfc7o.6 

1 - 129 . I±45 . 7 

1 

— 209.8±io6.7 

Expiratory 

Acceleration 

io8.3±49-7 

I54.0rfc53.9 

i67.8rfc79.9 

299.8rfc209.2 

Expiratory 

Plateau 

— 22 . 6 rfc 29.9 

39 . 8 rfc 24 .o 

— 40 . 1 rfc 28.0 

— 70.6rfc52.7 

Expiratory 

Deceleration 

-79.4±37.4 

— 7I-2rfc64.3 

— ii9.orfc79.9 

— 259. 6rfc 224.0 


liters 

liters 

liters 

liters 

Tidal 

o.766rfco.i33 

0.709±0.I7I 

0.93I:fco.2I9 

x.o 59 rfco .257 

Volume 

(0.50-0.94) 

(0.43-0.97) 

(0.56-1.34) 

(0.77-X.44) 

Minute 

15 - 92 ^ 3 -96 

I4.ii±3-43 

21 . 47 rfc 4.06 

25 -55^8. 15 

Volume 

(12.3-26,1) 

(7.0-19.8) 

1 (16.1-29.7) 

(10.4-38.7) 


Values are means of 12 subjects’ averages, 3 breaths per subject, and std. dev. Values in 
parentheses are ranges. Negative sign denotes deceleration. 


Figure 3 presents graphically the salient points of the tables in order to show 
the inter-relation of the data for any one condition and also to provide a ready com- 
parison of the effects of altering the several conditions of altitude and exercise. It 
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must be recognized that the flow patterns as shown in figure 3 are derived in all 
instances from rounded curves as in figure 2, It is felt that the beginning of in- 
spiration is the logical point of origin for these diagrams, and this presentation tends 
to distinguish curves having even small timing differences better than would the use 
of the inspiratory-expiratory crossover point as the point of coincidence of the several 
types of pattern (15). 

BISCUSSION 

The following statistical treatment of the data is made on the basis of paired 
values from each subject. The mean of the differences for the various subjects is 




given below, accompanied by a statistical evaluation in terms of standard deviation 
of the differences, standard deviation of the mean, and the probability of the differ- 
ence being due to chance, and the ratio of the difference to the control mean in per- 
centage. Comparisons showing no statistical significance for the difference are not 
given since they may be obtained from the tables. 

Effect of Altitude on Respiratory Pattern. In the resting condition without added 
inspiratory resistance, ascent to 30,000 feet alters: 

Eps, -i-.2o sec., s = .24, s = .04, P = .001, -}-i67% 

Emf, -p8.37l/min.,s = 15.30, § = 2.70, P = .ooito.oi,-{-i7.2% 

Ea, +27.25 l/min./sec., s = 36.46, § = 6.45, P = .001, +25.9% 

Tv, —.078 liters, s =. no, s = .019, P = .001, —9.9% 

Mv, — 1.81 liters, s = 2.23, s = .39, P = .001, — X2.i% 
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When restriction is added to the inspiratory path at rest, as above, ascent to 
30,000 feet alters: 

Eps, +.222 sec., s = .255, s = .074, P = .01, +369% 

Ip, +is.81/miii./sec., s = 12.9,8= 3.7, P = .001 to .01, +92.8% 

Ea, +45.6 l/min./sec., s = 68.3, a = 19.7, P = .02 to .05, +42.2% 

Following exercise, without added restriction, ascent to 30,000 feet alters: 

Ips, +.084 sec., s = .082, a = .024, P = .001 to .01 

Emf, +26.3 1/min., s = 35,9, a = 10.4, P = .02 to .05, +47-8% 

la, +133-7 1/min./sec., s = 195.3, a = 56.4, P = .02 to .05, + 96.8% 

Ea, +133.4 l/min./sec., s = 178.6,8 = 51.5, P = .02 to .05, +91-3% 

When resistance is added to the inspiratory path after exercise, ascent to 30,000 
feet alters: 

Eps, +.046 sec., s = .069, a = .020, P =.02 to .05 

Imf, +14.3 l/min., s = 12.7, a = 3.7, P = .001 to .01, +31.8% 

Emf, +21.5 l/min., s = 21.4,8 = 6.2, P = .001 to .01, + 33.6% 

Id, —80.7, l/min./sec., s = 87.7,8 = 25.3, P = .001 to .01, —62.5% 

Ea, +132.8 l/min./sec., s = 186.1, 8 = 53.7, P = .02 to .05, +79.0% 

Ep, —30.5 l/min./sec., s = 16.5, 8 = 4.8, P = .001, —76-3% 

Ed, —140.6 l/min./sec., s = 182.8,8 = 52.8 P = .02, —117.6% 

Tv, +.128 liters, s = .182, 8 = .053, P = .02 to .05, +13.7% 

In no case was there a significant change in average inspiratory or expiratory 
time, although this may be largely due to the rather marked variation in response. 
It was further observed that the breath interval, Bs, did not change significantly 
with altitude even though statistically significant changes in the pauses may have 
occurred. This also may be due largely to the marked variation. In \’iew of this 
variation the distribution of the data is of interest. The distribution was found to 
be normal and, in particular, no bimodal tendencies were observed. This eliminates 
the possibility that a saltation to both sides of the normal value, still maintaining a 
stable average, might have been induced by the factor under investigation. 

Retesting subjects on a subsequent day, both at groimd level and at altitude 
in the resting condition, showed that statistically significant changes, some negative 
and most of them positive, occurred in Is, Ips, Bs, Emf, Ea, and Tv due to imknown 
causes. However, no difference was foimd in control tests repeated within about 
one hour. It is noteworthy that despite an increase in ambient volume of backflow 
at altitude, a decrease in both tidal volume and minute volume occurs at rest, and 
only a moderate increase occurs after exercise. 

Effect of a Stajidard Exercise on Breathing Pattern. At ground level, without 
added resistance, the imposition of exercise alters; 

Es, —.142 sec., s = .150, 8 = .043, P = .001 to .01, —9.6% 

Ps, —.358 sec., s = .288,8 = .083, P = .001 to .01, —11.9% 

Emf, +10.9 l/min., s = 16.5, 8 = 4.8, P = .02 to .05, +24.8% 

Ep, —18.2 l/min./sec., s = 26.3, 8 = 7.6, P = .02 to .05, —95.8% 

Ed, —29.5 l/min./sec., s = 29.5, 8= 8.5, P = .001 to .01, —44.6% 

Mv, +4.54 liters, s = 3.85,8 = i.ii, P = .001 to .01, +28.4% 


May ip4p 


ALTITUDE AND RESPIRATION 


275 


A-t grounci Icvclj with s-ddcd mspirsitory resistance the effect of exercise is to niter ■ 

Es, -.185 sec., s = .144, § = *042, P = -ooi, -12.8% , 

Eps, -.052 sec., s = .081, 8 = .023, P = .02 to .os, -86.6% 

Bs, —.358 sec., s = .312, § = .090, P = .001 to .01, —12.1% 

Imf, + 10.3 1/min., s = 9.1, s = 2.6, P = .001 to .01, +29.6% 

Emf, +18.8 l/min., s = iS-6, § = 4-S. P = -ooi to -or* + 4i-7% 

Id, -30.3 l/nun./sec., s = 32.7, s = 9.4, P = .001 to .01, -30.5% 

Ea, +59.3 l/min,/sec., s = 53.7, s = IS-S, P = -ooi to .01, + 54 - 9 % 

Ed, -39.6 l/min./sec., s = 40.5, s = ii-7, P = -ooi to .01, -50.0% 

Tv, +.165 liters, s = 1.66, g = .048, P = ,001 to .01, +21.4% 

Mv, +5.55 liters, s = 4-60, s i . 33 > ^ = -ooi to .01 + 34-9% 

At 30,000 feet, without added resistance, the imposition of exercise alters; 

Eps, —.197 sec., s = .210, § = .061, P = .001 to .01, —70.2% 

Imf, +21.8 1/min., s = 24.6, a = 7.1, P = .01 to .02, + 57.3% 

Emf, + 38.7 l/min., s = 40-0, a = n-S, P = -ooi to .01, + 92.2% 

Ea, +133.6 1/min/sec., s = ig7-3, § = S 7 - o , P = .02 to .05, +9i-S% 

Tv, +.329 liters, s = .176, § = .051, P = .001, +45*7% 

Mv, +9.94 liters, s = 9.33, 3 = 2.69, P = .001 to .01, +68.0% 

Restriction, imder conditions of exercise, at 30,000 feet alters: 

Is, — .174 sec., s = .246,8 = .071, P = .02 to .05, ~i2.4% 

Eps, —.228 sec., s = .231, s = .067, P = .001 to .01, —81.3% 

Bs, —.497 sec., s = .506, g = .146, P = .001 to .01, —16.0% 

Imf, +24.3 l/min., s = 14.7, a - 4-3, P = -ooi, +69-7% 

Emf, +38,7 l/min., s = 20.6, s = 5.9, P = .oor, +82.3% 

Id, —95.3 l/min./sec., s = 83.1, a = 24.0, P = .001 to .01, —83.5% 

Ea, +145.8 l/min./sec., s = 196.8, s = 56.8, P = .02 to .05, +94.6% 

Ed, —188.4 l/min./sec., s = 198.1,3 = 57.2, P = .001 to .01, —265.3% 

Tv, +.350 liters, s = .129, s = .037, P = .001, +49-3% 

Mv, +11.44 liters, s = 6.49, s = 1.87, P = .001, +81.0% 

These analyses show that the most consistent changes produced by exercise are 
in the maximum expiratory velocity (Emf) and in the minute-volume (Mv). The 
only categories in which no significant change is effected in any of the several con- 
ditions are the inspiratory pause (Ips)* and the inspiratory plateau (Ip) . The former 
being an infrequent phenomenon at best makes this consideration of doubtful 
significance. 

EJ'eci of Restriction of Inspiratory Path on Breathing Pattern. In general re- 
striction doubles the number of categories of significant changes brought about by 
exercise, and e^ances the effect in nearly every category. It similarly can be seen 
to increase the number of categories of signficant changes produced by altitude under 
conditions of exercise, although the natmre of the changes varies between individuals. 
Difficulties in technique introduced by restriction in the inspiratory line themselves 
preclude a more rigorous analysis. 

General. In view of the uncontrollable factors of motivation and other psycho- 
motor effects incident to the mechanics of the test and chamber operation, repeated 
tests were not nmde routinely during the same day. In retrospect, this seems to 
constitute an omission in the data which might have furnished a clue to effects of the 
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disturbing factors mentioned above, but in view of the added number of controls 
demanded and the mass of observations necessary to assess such psychomotor states 
it was felt that this limitation in procedure was justifiable. 

Measurement of the areas delineated by the graphs shown in figure 3 indicates 
that, in the normal resting condition, both at ground level and at altitude, a greater 
volume is exhaled than inhaled. The difference is of the order of 13 and 17 per cent, 
respectively, and appears to be real, even though simplification of the pattern has 
resulted in arbitrarily reducing the areas from those delineated by the rounded ciuwes 
of the control records (fig. 2). This apparent paradox may be accounted for on the 
hypothesis that increases in the volume of inhaled gases caused by heat and water 
vapor, outweigh the loss of volume due to the respiratory exchange of oxj’^gen and 
carbon dioxide. Bretschger’s (3) data show the reverse relation to hold in his meas- 
urements using a pressure drop method of flow measurement. The constant loss of 
inert gas from the body while breathing with o.xygen apparatus probably does not 
contribute significantly to this effect. Following exercise at ground level no differ- 
ences in inhaled and exhaled volumes were apparent. This follows, in principle, 
from considerations of the limitation in effectiveness of the factors listed above, 
especially since pauses are reduced or eliminated. At altitude, on the other hand, 
records of breathing after exercise again show a difference between inspired and ex- 
pired gas volumes concomitant with the interposition of pauses. This phenomenon 
emphasizes the fact that the flowmeter measures the actual velocity of the medium 
presented to it under ambient conditions, and thus yields a faithful datum for con- 
sideration in the design of breathing equipment. 

The breath patterns of a given individual look as unique as fingerprints, as 
noted by Fleisch (i), Bretschger (3), Gukelberger (4, 5) and others. A method of 
characterizing individual patterns quantitatively is not yet available, but may be 
feasible with a detailed statistical analysis of individual features of the breath pattern 
such as made in this series of tests. 

From tables i and 2 it is seen that, with full oxygenation and submaximal dead 
space, the distribution of the data on the breathing pattern is probably influenced 
by the interaction of a group of factors, only a few of which were controlled in these 
tests, and many of which may well be individual variables. No attempt has been 
made here to sort the individual patterns into characteristic groups, although this 
is contemplated on a larger group of subjects. 

The data indicate that the effect of altitude on the breathing mechanism is 
greatest on the expiratory phase, although it affects nearlj'- all features of the act. 
Fleisch (2) reported, in this connection, that hypoxic subjects at altitude (up to 
23,000 feet) introduced post-expiratory pauses despite the hj’perventilation incurred 
by breathing ambient air. These did not occur in the illustration given by Pappen- 
heimer and Lilly for 44,000 feet (9). It appears that ventilation in a rarefied at- 
mosphere at adequate oxygen pressure is carried out so expeditiously via the pro- 
prioceptor controlled mechanisms that the chemical initiation of inspiration by CO2, 
v.’hich is governed normally by metabolic conditions, appears to lag more than at 
ground level. Tlus deduction leads to the hypothesis that individuals vary in 
their ability'' to supply their bodies with oxygen and remove carbon dioxide via 
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the lungs, and that this is correlated with the degree to which they use interphasic 
pauses in their breath cycle. It appears possible to identify individuals with barely 
adequate ventilatory capacities by reducing or increasing the density of the respired 
gases, by simulating altitude, diluting with helium or kr3q)ton and noting the density 
level at which interphasic pauses appear. Substantiation of the effect of density 
on breath velocity by use of helium-oxygen mixtures has been carried out on a differ- 
ent group of volunteers. 

We wish to acknowledge the imstinted technical assistance of H. F. Brubach, N, Smith, P, D. 
Altland and F. Smith and to thank them as well as W. F. Bowen and W. S. Baum for acting as sub- 
jects in preliminary trials of the recording equipment. We are indebted to M. Zelle for guidance in 
statistical treatment of the data. 
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A comparison of THE RESPIRATORY ACTIYITY AND 
HISTOLOGICAL CHANGES IN ISOLATED 
PANCREATIC TISSUE 

R. E. DAVIES, A. A. HARPER and I. F. S. MACKAY 

From the Dcparlments of Biochemistry and Physiology, Universities of Sheffield and Manchester 

and University College of the West Indies 

SHEEBTELD AND MANCHESTER, ENGLAND; JAMAICA, WEST INDIES 

D EUTSCH and RAPER (i) found that the rate of respiration of isolated 
pancreatic tissue was increased by secretin and by acetyl choline with 
eserine. Harper and Mackay (2) studied the effects of secretin, pancreo- 
zymin and vagal stimulation upon the zjmiogen granule content of the cat’s pan- 
creas and the enzyme output in the pancreatic juice. They found that secretin 
administration, which resulted in the secretion of a juice of low enzyme content, did 
not affect the granule content of the cells. Vagal stimulation, on the other hand, 
or the administration of pancreozymin each resulted in an increased output of en- 
zymes in the juice and a diminution in the granules in the cells. 

The crude preparations of secretin used by Deutsch and Raper in 1936 prob- 
ably contained pancreozymin. The present observations were made to compare the 
effects of pancreozjmin and of pancreozymin-free secretin with those of acetyl 
choline and eserine on the respiration of isolated pancreatic tissue, and to correlate 
the respiratory effects of these agents with their effects on the zymogen granule con- 
tent of the isolated tissue. In addition a few observations were made on the effects 
of histamine and gastrin on isolated pancreatic tissue. 

In order to determine whether the energy required for secretion of zymogen 
granules could be suppled by anaerobic reactions, experiments were carried out in 
the absence of O2, but no secretion was observed even when adenosine triphosphate 
was added (Cf. Lipmann, 3). 

5 IETHODS 

The experiments were performed on isolated pieces of cat pancreas. The animals 
were fasted overnight. In early experiments the cat was anesthetized with ether 
followed by chloralose. After an hour or two the pancreas was removed, care being 
taken to avoid touching the tissue with the fingers, which might possibly initiate 
secretion by conta m i n ation v/ith acetyl choline from the skin. In later experiments 
the animal was killed by a blow on the head and the pancreas was then removed and 
used at once. 

Samples of the tissue were freed from adherent matter, rapidly weighed on a 
torsion balance, minced with sharp, small and fine-pointed scissors and placed in the 
main compartment of a Warburg cup. The pieces of minced tissue were small 
enough to ensure adequate oxygenation m vitro (4). The O2 uptake, the resultant 
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of O2 uptake and CO2 output, and the anaerobic glycolysis were measured with 
Warburg manometers in the usual ways at 38®C. (4). Conical cups (20-30 ml. 
capacity), with a center well and either one or two side arms were used. Anaero- 
biosis was maintained with a small stick of phosphorus, and CO2 was absorbed by 
0.2 ml. 2N-NaOH in the center well. The cups were equilibrated for 20 minutes in 
the bath, and thereafter measurements of the gaseous exchanges were made every 
5 minutes. When the resting rate of respiration had been obtained (usually within 
10 min. of equilibration), acetyl choline or other agents were added from the side 
arms. Readings were continued until the tissue had been in the bath for 60 min- 
utes. The values of the Qo, and Qc6i were expressed in jul/mg. dry wt/hr. 

The physiological salt solution (bicarbonate saline) of Krebs and Henseleit (5), 
gassed with 5 per cent CO2 + 95 per cent O2 or 5 per cent CO2 + 95 per cent N2, 
was used during measurements of the balance of the O2 uptake and the CO2 out- 
put, or of the anaerobic glycolysis of cat pancreas, and the phosphate saline of 
Krebs (6) during experiments in 100 per cent O2. The glucose concentration was 
0.2 per cent. 

For the estimation of the initial dry weight of tissues, control samples of the pan- 
creas were weighed, washed in distilled water and dried overnight at iio°C. This 
gave the ratio wet wt/dry wt. for the tissue, from which the (initial) dry weight of 
the samples incubated could be calculated. 

Histological observations were made on the pieces of tissue which had been 
used for the respiratory experiments, and on pieces which had either been placed in 
the fixative solution immediately after removal from the animal, or had been placed 
in saline solution in the Warburg apparatus, but not stimulated in any way. The 
tissues were fixed and stained by Bensley’s Neutral Gentian method as described by 
Harper and Mackay (2). 

The histological observations were concerned with the zymogen granule con- 
tent of the cells. This is expressed in the tables below as (cells about f 

filled with granules); -k-}— f (about | filled with granules); -f-f- (about f filled with 
granules); -k (less than | filled with granules). Where marked cell damage was 
observed no interpretation was attempted. 

The secretin and pancreozymin were prepared by a modification of the method 
described by Harper and Raper (7). The secretin preparations were quite free of 
pancreoz5rmin and the pancreozymin preparations showed only a trace of secretin 
activity. The gastrin was prepared by adsorption on a bile acid precipitate from 
a 60 per cent alcohol extract of the antral mucosa, as described by Harper (8). 
The material was a powerful stimulant of acid gastric secretion in experiments on 
cats. In most of these experiments it had no effect on the pancreas, but in a few it 
showed faint traces of pancreozymin activity. 

/ 

RESULTS 

Control observations of two types were made: a) Pieces of tissue were placed 
straight in the fixative so that the initial appearance of the gland could be observed. 
h) Pieces of tissue were incubated in saline alone, in order to determine the resting 
metabolism of the gland and to see whether under these conditions any diminution in 
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granule content occurred. It was found that the metabolism was constant or fell 
slightly. There was in no instance an increase above the initial rate. Slight 
diminution in z3miogen granule content was observed in 4 out of 19 experiments. 
The restmg Qo, in 69 samples of isolated pancreatic tissue from a total of 16 cats 
was from —2.0 to —9.8, average —4.27, standard deviation 1.97. 

Acetyl choline with eserine. The effects of these agents are illustrated in the 
results of an experiment in table i. The effects observed were an increase in respira- 
tion with a concomitant decrease in zymogen granules. Acetyl choline, final con- 
centration o.oi mg. per cent with eserine, final concentration o.oi mg. per cent had 
no effect on the Qo, (2 experiments). When the same drugs were used at a concen- 
tration of o.i mg. per cent, the Qo, was increased (ii2%-i93%; average 140%, 8 
experiments). An experiment at a concentration of i.o mg. per cent showed 126 
per cent of the restmg value. In one experiment with a concentration of 10 mg. per 
cent, an increase to 156 per cent was observed. Experiments in the bicarbonate 
saline showed that the increased uptake of O2 following stimulation was concomitant 


Table i. Eefects of acetyl choline with eserine on respiratory activity and histological 

APPEARANCE OF ISOLATED PANCREATIC TISSUE (l EXPERIMENT) 


TREATUENT OF TISSUE 

1 

MAXIMUM RESPIRATORV 
RESPONSE AS COMPARED 
WITH CONTROL IN SALINE. 
QOjMAX. 

1 

ZVIIOGEN GRANVI.E CONTENT 
OF THE CEIXS 


Qo, CO.NTEOL 


Control sample straight in fixative 

Control sample in saline 

1 

ICO 

-l-+-h+ 

Acetyl choline 0.1 mg. % eserine 0.1 mg. % 

136 

+ + + 

Acetyl choline 1.0 mg. % eserine 1.0 mg. % 

126 

+ 

Acetyl choline lo.o mg. % eserine lo.o mg. % 

156 

+ -1-1- 


with a similar increased output of CO2. There were no histological differences ob- 
served between tissue incubated in the bicarbonate or in the phosphate salines. 

Effects of pancreozymin and secretin. The effects of pancreozymin are illus- 
trated by the results in tables 2 and 3. There w'as, with the addition of pancreo- 
zymin, an increase in respiration. The histological changes observed following the 
addition of pancreozymin were similar to those following acetyl choline, i.e, a migra- 
tion of the zymogen granules towards the acinar end of the cell took place and a 
diminution in the amount of granular material in the cell along with a filling of the 
ducts with stainable material (where previously they had been empty). Secretin 
promoted no reduction in the z3mogen granule content of the cells but an apparent 
increase in the zymogen granule content was occasionally observed. This was due 
to a scattering of the zymogen granules in the cell. 

Atrophipj . , At concentrations of either o.i or i.o mg. per cent atropine com- 
pletely prevented the increase in respiration following acetyl choline with eserine, 
but it had no effect on the increased rate of respiration following pancreozymin (6 
experiments). 

Histamine. Five experiments were carried out with histamine. ' In one in 
which O.I mg. per cent of histamine was added, no stimulation of respiration or alter- 
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Table 2, Efeects of pancreozymin and secretin on respiratory activity and histological 

APPEARANCE OF ISOLATED PANCREATIC TISStTE 


TEEATMEKT 01 TISSOE 

EXPEEniENI A 

expeehtent b 

Qq, max. 

Zymogen 
content of 
the cells 

Qo.max, 

Z3Tnogen 
content of 
the cells 

Qqj control 

QO 2 control ^ 

Control straight in fixative 


++ 

1 

1 


Control in saline 

100 

++ 

100 

++ 

Pancreozymin 3.0 mg. % 


! 

I18 

+ 

Pancreozymin 30.0 mg. % 



143 ! 

+ 

Pancreozymin 3.0 mg. % 

120 

+ 



Secretin 2.0 mg. % 





Pancreozymin 30.0 mg. % 

134 

+ 



Secretin 2.0 mg. % 





Secretin 0.2 mg. % 

143 

++ 

136 

+++ 





(scatter- 



1 


ing of 




i 

gran- 





ules) 

Secretin 2.0 mg. % 

190 

++ 




Table 3. Effects of PANCREOZYiiiN and secretin on respiratory 
ACTIVITY OF isolated PANCREATIC TISSUE 


MEATltENT 0 ? TISStTE 





ri/-\ ^ 

conteol 

Pancreozymin 3.0 mg. % 

IS 3 

118 

IS 3 

Pancreozymin 10.0 mg. % 

116 

i 

1 


Pancreozymin 30.0 mg. % 

147 

143 

148 


114 



Pancreozj’^min 3.0 mg. %, 

120 

136 

136 

Secretin 0.2 mg. % 




Pancreozymin 30.0 mg. % 

134 

142 

144 

Secretin 2.0 mg. % 




Secretin 0.2 mg. % 

143 

136 

120 


109 

111 

109 


112 

106 


Secretin 2.0 mg. % 

i 

190 

110 

133 


III 


! 


ation in tlie histological appearance of the cells was observed. ■ In the remaining 4 
pperiments where i.o mg. per cent of histamine was employed, there was no effect 
m one and a slight increase in respiration in the other 3 (104, 105, 130; control = 
100). In one (^enment alone, slight diminution in zymogen granules was observed. 

Gflsfrm. Four experiments were carried out with concentrations of gastrin 
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of 0.6, 6.0 and 12.0 mg. per cent. Small increases in the rate of respiration were 
observed at the higher concentrations in 2 experiments (116 and 106; control = 100). 
At the highest concentration a slight decrease in zymogen granules was observed. 

Experiments in the absence of oxygen. In ii experiments the anaerobic gly- 
colysis was from 3.0 to 4.5 (average 3.7, standard deviation 0.52). In such experi- 
ments the rate of glycolysis and the histological appearance of the cells was unaf- 
fected by the addition of acetyl choline with eserine, either alone or with ATP in 
(final) concentrations varying from o.ooooiM to o.oiM. 

DISCUSSION 

The observations of Deutsch and Paper (i) that acetyl choline and secretin in- 
crease the rate of respiration of isolated cat pancreas have been confirmed. These 
experiments show that isolated pancreatic tissue can also be used to study the histo- 
logical changes caused by a variety of agents. The results show that pancreozymin 
and pancreozymin-free secretin act as respiratory stimulants: the zymogen granules 
in the cells were decreased by the addition of pancreozymin or of acetyl choHne with 
eserine but not by secretin. The slight stimulant effect of gastrin on the respira- 
tion of pancreatic tissue may be due to traces of pancreozymin in the preparation. 
Atropine does not prevent the increase in respiration following the addition of pan- 
creoz)min but completely inhibits both the respiratory and histological changes due 
to acetyl choline. These observations confirm those of Harper and Mackay (2). 

Experiments showed that secretion does not occur in the absence of oxygen. 
The fact that the addition of ATP to the anaerobic tissue failed to cause secretion 
does not prove that ATP plays no part in the process since no evidence is available 
that this compound entered the pancreatic cells. 

SUMMARY 

A correlation has been made of the effects on respiration and on the histological 
appearance of cat pancreatic tissue stimulated in vitro by secretin, pancreozymin 
and acetyl choline with eserine. Secretion of zymogen granules was initiated and 
respiration stimulated by acetyl choline with eserine and by pancreoz3min. Atro- 
pine inhibits the actions of acetyl choline but not those of pancreozymin. Secretin 
stimulates respiration but does not promote secretion of zymogen granules. 
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COMPARISON OF RESPIRATION AND GLYCOLYSIS IN THE 
BRAINS OF NORMAL AND FEBRILE RABBITS* 

C. N. PEISS, J. FIELD, V. E. HALL and M. GOLDSMITH 
From the Department of Physiology, Stanford University School of Medicine 

STANFORD, CAITFORNIA 

T he maintenance of the body temperature of homoiotherms at a fairly 
constant level by operation of the hypothalamic temperature regulating 
centers implies that some temperature-sensitive process within the neurons 
of the centers must be so organized as to yield the equivalent of the set of a ther- 
mostat. The nature of this process is not known. The hypothesis that the rate of 
a key temperature-sensitive intracellular process is a factor determining this set level 
is under investigation in this laboratory. 

The rise in body temperature following the administration of pyrogenic agents 
is commonly attributed to an elevation of this set level. According to the hypothesis 
stated above, the rate of the key metabolic process should be altered in the brain tis- 
sue of febrile animals. Since the majority of the energy-yielding processes now rec- 
ognized influence measurements of oxygen consumption, glycolysis or both, these 
metabolic processes have been chosen in our search for a possible key reaction. 
Technical difficulties precluded direct investigation of the hypothalamic tissue. 
However, because of the qualitative similarity of the metabolic pattern in the several 
parts of the central nervous system (i), quantitative changes appearing in one region 
might wen be paralleled by changes in a similar direction in other regions. Ac- 
cordingly we have investigated the rates of respiration and of anaerobic glycolysis 
in cerebral cortex slices from normal rabbits and from rabbits with fever produced 
by the administration of a bacterial pyrogen. The results are presented in this 
paper. 


METHODS 


Adult white rabbits weighing from i. 8 to 2.7 kg. were used. The animals were 
killed by injection of air into the marginal ear veins. The brain was rapidly removed 
and cerebral cortex slices were prepared by the cold moist box technique which has 
been described previously (2, 3). This procedure keeps the tissue in a cold moist 
environment from the time of excision until the respirometers are placed in the con- 
stant temperature bath. Thus in studies on oxygen consumption, imbalance be- 
tween the aerobic and anaerobic phases of metabolism is minimized during the pe- 
riod of tissue manipulation (2, 4, 5), and in anaerobic work the overall metabolism is 
kept at a low level until suitable conditions are provided for the supply of nutrients 
and the r emoval of metabolic end-products (2) . The wet weight of most tissue sam- 


Received for publication February 14, 1949. 

viT • 1 . investigation was carried out under a contract between tbe Air Materiel 
Wnght-Patterson Air Force Base, Dayton, Ohio and Stanford University. 


Command, 


283 



284 


PEISS, FIELD, HALL AND GOLDSMITH 


Volume 157 


pies was 40 to 60 mg. Control experiments have shown that under the conditions 
of these experiments oxygen consumption is proportional to the initial wet weight 
of tissue over the range 10 to 90 mg. Slice thickness was 0.4 to 0.5 mm. (cf. 2). 
Immediately after weighing, tissue samples were placed in respirometer flasks or in 
small weighing bottles. The latter group of samples was dried to constant weight 
in an electric oven at io5°C. 

Respiration was measured by the Warburg manometric method (2, 6, 7). The 
gas phase was oxygen. The liquid phase was Krebs’ Ringer’s phosphate (8) contain- 
ing o.oii M glucose. The center wells of the flasks contained 5 per cent KOH with 
Whatman no. 40 filter paper wicks. Manometric measurements were made in a 
constant temperature bath at 39.0 dbo.oi^C. after 15 minutes of thermoequilibra- 
tion. Readings were taken at lo-minute intervals for a minimum of 60 minutes. 
Oxygen consumption was constant during this time. Results are expressed in the 
conventional ‘Q’ notation (cf. 2). Thus Qq. denotes microliters of oxygen consumed, 
measured under standard conditions, per mg. initial dry weight of tissue per hour. 

Anaerobic glycolysis was measured by the manometric method (6, 7). The 
gas phase was 95 per cent N2-5 per cent CO2 which had been passed through a Savage- 
Ordal (9) hot reduced copper tube to remove traces of oxygen. Uniform gassing 
was effected by passing this mixture through the respirometers in series. After 
leaving the last respirometer the gas was passed through a Wolff bottle so that the 
rate of flow could be observed and maintained. Gassing was carried out for a min- 
imum of 10 minutes after the respirometers had been placed in the constant temper- 
ature bath. The liquid phase was Krebs-Henseleit (10) bicarbonate solution. 
This medium had previously been gassed for over an hour with the same oxygen- 
free mixture used as the gas phase in the respirometers. Manometric measurements 
were made in a constant temperature bath at 39.0° ±o.oi°C. Readings were taken 
at lo-minute intervals for 40 to 60 minutes. The rate of glycolysis was constant 
during this tune. Results are expressed in the conventional ‘Q’ notation. Thus 
Qi.’ denotes microliters of acid produced, measured as a gas under standard condi- 
tions, per mg. initial dry weight of tissue per hour. All Q values given in tables were 
calculated from measurements made during the period of steady state. 

Fever was induced in those animals referred to as ‘febrile’ by injection of 0.05 
ml. of sterile typhoid-paratyphoid triple vaccine- (hereinafter termed T.P.T.) into 
the marginal ear vein. Rectal temperature was followed (taking care not to disturb 
the animals, cf. ii) for an hour. No animal was used imless rectal temperature rose 
at least i°C. in this time. AU febrile animals were killed exactly one hour after in- 
jection of T.P.T. 


RESULTS 

Table i shows the results of measurements of oxj'^gen consumption in normal 
and in febrile rabbit cerebral cortex slices at 39°C. The mean values of Qo, are 8.76 
and 8.58 respectively. The significance of the observed difference between these 

* This vacdne, prepared by the Cutter Laboratories, Berkeley, California, contained in each 
ml. 1000 million E. typhosa, 500 million S. paratyphi and 500 million S. schottmuelleri. The preser- 
vative was 0.25 per cent tricresol. 
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two means was evaluated by the use of Student’s *t’-test (cf. Snedecor, 12). The 
values of i and P obtained were 0.659 and approximately 0.5 respectively. Thus 
there appears to be no signihcant difference in respect of rate of oxygen consump- 
tion at 39°C. between cerebral cortex slices from normal and from febrile rabbits. 

The results of a similar comparison between the rates of anaerobic glycolysis in 
cerebral cortex slices from normal and febrile rabbits at sg°C. are shown in table 2. 
Here again it was found by application of Student’s ‘t’-test that the observed dif- 
ference between the means was not significant. 

Comparison of the variances (squared standard deviations) by the “F” or 
variance ratio method (cf. 12) indicates that there is no significant difference in the 
variability of Qoj and of Qa’ between the normal and febrile rabbits. 

Table 1 . Comparison of oxygen consumption at 39°C. of cerebral cortex slices from 

NORMAL AND FEBRILE RABBITS (FOUR ANIMALS (l2 TISSUE SAMPLES) IN EACH GROUP) 


NOESIAI. rEBRILE 

Mean Qoi S.76 8.58 

Range: Qoj 7.83-10.15 7 * 67 - 9*63 

Standard deviation 0.690 0.646 

No. of observations 12 12 


Comparison of means: t = 0.659; P o-S* 

Table 2 . Comparison of anaerobic glycolysis at sp^C. of cerebral cortex suces from 

NORMAL AND FEBRILE RABBITS (SK ANIMALS (48 TISSUE SAMPLES) IN EACH GROUP) 


NORilAL BEBEIXE 

Ni 

Mean Qa 12.58 12.27 

Ns 

Range: Qa 8.49-21.13 7.88-19.53 

Standard deviation 2 . 590 2 . 561 

No. of observations 48 48 


Comparison of means: t = 0.590; P 0.5. 

DISCUSSION 

These results show that the altered thermostatic behavior by which a bacterial 
pyrogen appears to induce fever in the rabbit is not accompanied by alteration of 
either the oxygen consumption or anaerobic glycolysis rates, at 39°C., of cerebral 
cortex tissue removed one hour after the injection of the pyrogen. Thus these 
findings lend no support to the concept presented in the introduction to this paper 
that the cellular metabolism of the central nervous system is a factor determining 
the level at which the thermoregulatory processes operate. However they do not 
necessarily invalidate this h3q)othesis for the following reasons; a) The pyrogen may 
mfluence thermostatic behavior by affecting processes other than those determining 
the rates of o:^gen consumption or anaerobic glycolysis, h) The assumption of 
qualitative similarity of metabolic pattern in the several parts of the central nervous 
system may be incorrect, the pyrogen affecting hypothalamic but not cortical tissue 
metabolism, c) The pyrogen might produce metabolic effects in vivo which are 
lost when tissue slices are studied in vitro, d) A possible metabolic effect of the 
P3Trogen may have appeared and waned by the end of the first hour. Grant (12) 
as shown that the vasoconstriction and suppression of thermal polypnea (which 
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are the principal causes for the febrile temperature rise in the rabbit) are replaced 
by vasodilatation and polypnea at approximately one hour after injection of T.P.T., 
the time at which the animals were killed for the metabolic studies reported here. 
However this objection is weakened by the finding that some 30 minutes later vaso- 
constriction and polypnea suppression return without further pyrogen administra- 
tion, Further, during the period of vasodilatation and pol3'pnea, the respiratory 
rate may not be as high as it was before injection in spite of the presence of a two 
degree rise in rectal temperature, which suggests that the factor (presumably the 
pyrogen) depressing the respiration is still active. 

In view of these considerations the possibility that thermoregulatory behavior 
may be related to the metabolic activity of the central nervous system remains an 
open question. 


SUM 3 UARY 

The mean Qo, values at 39°C. for cerebral cortex slices from normal rabbits 
and from rabbits with fever produced by administration of typhoid-typhoidpara 
vaccine were 8.76 and 8,58 respectively. The difference between these means is not 
statistically sigriificant. The mean Qa’ values at 39°C. for cerebral cortex slices 
from normal and febrile rabbits were 12.58 and 12.27 respectively. The difference 
between these means is not statistically significant. 

An hypothesis relating the level at which body temperature is regulated to the 
metabolic activity of the central nervous system is stated and the bearing of these 
findings on that hypothesis is discussed. 

REFERENCES 

1. Page, I. H. Chemislry of the Brain. Springfield; Charles C Thomas, 1937. 

2. Fieid, J. Melhois in Medical Research. Chicago: Year Book Pub., 1948. Section W, pp. 
289-307. 

3. Peiss, C. N. AKD J. Field. J. Biol. Client. 195: 49, 1948. 

4. Fuheiian, F. a. and j. Field. Ant. J. Physiol. 139: 193, 1943. 

5. Fuheman, F. A. AND J. Field. J. Biol. Chcin. 153: 515, 1944. 

6. Dixon, M. Manomelric Methods. New York: Macmillan Co., 1943. 

7. Umbeeit, W, W., R. H Bltrjris and J. F. Staueeer. Manomelric Techniques and Rdaled 
Methods for the Study of Tissue Metabolism. Minneapolis: Burgess Co., 1945. 

8. Reeks, H. A. Zeitschr. physiol. Chem. 217: 191, 1933. 

9. Savage, G. M. and Z. J. Ordal. Science 91: 222, 1940. 

10. RjREBS, H. A. AND El. BfeNSELEiT. Zlschr. physiol. Chem. 210; 33, 1932. 

11. Molitor, H., M. E. Gdndel, S. Kuna and W. H. Ott. /. Am. Pharm. Assn. 35: 356, 1946. 

12. Snedecor, G. W. Statistical Methods. Ames; Iowa State College Press, 1946. 

13. Grant, R. Memorandum Report. U. S. Air Force Materiel Command. MCREXD-696-113 
D. Nov, 1948. 



INFLUENCE OF ANTIPYRINE ON RESPIRATION. GLY- 
COLYSIS AND CHOLINESTERASE ACTIVITY IN 

RAT BRAIN’ 

C. N. PEISS, V. E. HALL AKD I. HELD 

From the Department of Physiology, Stanford University School of Medicine 

STANEOKD, CALIFORNIA 

I N THE introduction to the preceding paper in this volume an hypothesis relating 
thermostatic behavior of homoiotherms to central nervous system fimction 
was set forth. In this paper are reported experiments designed to subject this 
hypothesis to a further test by determining whether antipyrine, a substance reducing 
body temperature, affects certain metabolic activities of central nervous system 
tissue. 


METHODS 

Adult albino rats of the Slonaker-Wistar strain were used. The procedures 
employed in the preparation of cerebral cortex slices and for the measurement of 
respiration and glycolysis were the same as described previously (i) except that the 
animals were killed by decapitation rather than by intravenous injection of air as 
in the case of the rabbits. When oxygen consumption was measured the sidearms 
of the respirometer flasks contained graded amounts of antipyrine (Merck) made 
up in the same Krebs-Ringer’s phosphate glucose solution (2) used as the suspension 
medium. The contents of the flasks were added to the main compartments of the 
flasks after a 30-minute control period (which followed 15 minutes of thermoequili- 
bration), so that control and ‘antipyrine added’ runs were made with the contents 
of each flask. This procedure was not followed in the measurement of glycolysis 
because the handling necessary to make additions from the vessel sidearms disturbed 
the otherwise even rate of carbon dioxide evolution. In order to avoid this effect 
the desired concentrations of antipyrine were made up in the Krebs-Henseleit bicar- 
bonate glucose medium (3) used in the main compartments of the flasks. Thus there 
was no ‘pre-addition’ control period as in the case of the respiration measurements 
and comparisons were made against controls containing no antipyrine in the liquid 
phase. 

Cholinesterase activity was measured manometrically (4-6). The general pro- 
cedure has been described previously (6). The enzyme extract used was the ‘super- 
natant fraction’ of Nachmansohn and Feld (7). This was prepared from whole 
brain homogenized in cold (o°C.) calcium-free Krebs-Henseleit bicarbonate solution, 
together with the desired amounts of antipyrine. The sidearms contained acetyl- 
choline chloride (Merck) made up in the same solution. The contents of the side- 

Received for publication February 14, 1949, 

^ This investigation was carried out under a contract between the Air Materiel Command 
Wright-Patterson Air Force Base, Dayton, Ohio and Stanford University. ’ 
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arms were added to the main compartments of the flasks at the end of thermoequAi- 
bration. The final concentration of acetylcholine was 0.015 The gassing 
procedure was the same as in the experiments on anaerobic glycolysis (i). The pB. 
of the liquid phase in the flasks, in equilibrium with the gas mixture 95 per cent Na- 
5 per cent CO2, was 7.4. 

All of the manometric measurements were made in a constant temperature bath 
at 37.5° ±o.oi‘’C. When oxygen was the gas phase the respirometers were gassed 
before being placed in the water bath. When the 95 per cent N2-5 per cent CO2 
mixture was used gassing was accomplished during the 15 minute thermoequilibra- 
tion period which preceded all runs. 



Fig. I. Graph showhsg ep- 

PECT OF GRADED COKCENTRATIONS 
of anlipyrine on oxygen consump- 
tion and anaerobic glycolysis in rat 
cerebral cortex slices and on cholin- 
esterase activity in the supernatant 
fraction of whole rat brain homo- 
genate at 37.S°C, 


Respiration and glycolysis data are expressed in the conventional ‘Q’ notation 
on the initial dry weight basis (cf. i). In all cases the oxj'^gen consumption was con- 
stant for several hours and glycolysis for 40 to 60 minutes. Values given in the 
figure and table were calculated from readings made during steady state periods. 
Cholinesterase activity is expressed in terms of milligrams of acetylcholine hy- 
drolyzed in one hour by i.o ml. of supernatant fraction from an homogenate contain- 
ing 100 mg. of fresh whole rat brain per ml. The symbol QchE is used to denote 
this (cf. 8). Readings were taken at 5-minute intervals for a period of 40 minutes. 
The rate of CO2 evolution was constant during this time. 


KESTTLTS 

Anaerobic glycolysis. Figure i shows the effect of antipyrine on the rate of 
anaerobic glycolysis in rat cerebral cortex slices. Concentrations ranging up to 
about 5.3 X io~% had no effect. With further rise in antipyrine concentration an 
inhibition was observed which amounted to 17 per cent at the highest concentration 
used (2.6 X io”®m). There is no indication of an augmentation phase of anaerobic 
glycolysis caused by antipyrine such as has been observed when the effect of graded 
concentrations of another antipyretic, magnesium chloride, was investigated (10). 

Respiration. It is shown in figure i that the respiration of rat cerebral cortex 
slices was not affected by antipyrine up to a concentration of about 2 X io“®Ar. 
With further increase in antipyrine concentration a slight inhibition of oxygen con- 
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sumption was observed. However this amounted to only 5 to 7 per cent of the 
highest concentration of the drug tested (5.3 X . Thus the respiratory process 
in rat cerebral cortex resembles that of rat liver suspensions (9) in respect of stability 
toward antipyrine. 

Cholinesferase aciiviiy. It is shown in figure i that antipyrine, in concentrations 
up to about 5.3 X has no effect on the cholinesterase activity of the super- 
natant fraction of rat brain homogenate. With increasing concentrations of the 
drug inhibition develops. Fifty per cent inhibition was observed at the highest con- 
centration studied, 10.6 X Thus our rat brain cholinesterase preparation 

was considerably less sensitive toward antipyrine than human serum cholinesterase, 
with which 50 per cent inhibition occurred at a concentration of antipyrine less than 
one tenth as great (ii, 12). 

Control experiments: Statistics. A considerable number of control experiments 
were run in the course of this investigation. The data so obtained provide values 
of Qo, and Qa* of rat cerebral cortex slices and of the cholinesterase activity of the 


Table i. Means and other statistical data of control experiments on respiration and 

ANAEROBIC GLYCOLYSIS IN RAT CEREBRAL CORTEX SLICES AND CHOLINESTERASE ACTTVITY 
IN THE SUPERNATANT FRACTION OF WHOLE RAT BRAIN HOMOGENATE; 37.S°C, 



QCh 

qN. 

ACh nYDEOLVZED/ 
HOITE/I.0 ISL. 
SOPERNATANT 

Mean 

11.13 

9.85-12.71 

0,229 

30 

9.26 

5.04-12.76 

1.68s 

27 

2,63 

2.40-2.89 

0.126 

IS 

Range 

Standard deviation 

No. of runs 



For description of units see text. 


supernatant fraction of whole rat brain homogenate at 37.5°C. which may be of 
some use to other workers in the field of tissue metabolism. The absolute values 
of the mean rates of these processes together with certain derived statistics are given 
in table i. 


DISCUSSION 

The bearing of these results on the hypothesis concerning the mechanism of 
temperature regulation formulated in the introduction to this paper may now be 
considered. The intravenous dose of antipyrine which in the rabbit causes increased 
respiration, dilatation of ear vessels and a fall in rectal temperature ranges from 0.06 
to 0.25 gm/kg. body weight. Data concerning the resultant blood concentrations 
are not available, but on the assumption that antipyrine is uniformly distributed 
tirroughout the body these doses would yield concentrations from 3.2 X io~% to 
1.3 X io~%. Such concentrations, according to the findings reported in this paper, 
are somewhat below the minimum required for depression of oxygen consumption 
in vitro. However, the concentrations estimated to result from the highest doses 
are within the range in which some depression of anaerobic glycolysis and cholines- 
terase activity of brain tissue might occur. 
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It may be noted that magnesium chloride, which also causes increased respira- 
tion, dilatation of ear vessels and lowered body temperature (13), has an effect on 
the rate of anaerobic glycolysis in cerebral cortex tissue in the direction opposite to 
that of antipyrine (10). Magnesium chloride, in the concentration range concerned, 
resembles antipyrine in leaving the rate of oxygen consumption unaffected. 

As far as conclusion from a study of the two agents, antipyrine and magnesium, 
may be warranted, it would appear that activation of heat defense mechanisms by 
a drug bears no constant relation to its influence on anaerobic glycolysis in nervous 
tissue and can occur in the absence of any change in oxygen consumption. 

While it is obvious that these considerations lend no support to the hypothesis 
under discussion (see introduction), the limitations on the applicability of this type 
of metabolic data to the evaluation of that hypothesis, which have been set forth 
in the preceding paper, are such that we consider the hypothesis to warrant further 
testing. 


SUMMARY 

Antipyrine, when added to the medium in which slices of rat cerebral cortex 
are suspended, has no effect on the rate of oxygen consumption at 37.5°C. in con- 
centrations below 2 X io“®M. At concentrations greater than this, slight depression 
of respiration occurs. Anaerobic glycolysis in brain slices and cholinesterase activity 
in brain homogenates are depressed by concentrations of antipyrine above i X io~®M. 
The question of the possible bearing of these metabolic effects of antipyrine on its 
antipyretic action is discussed. 
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ACTION OF METHYL FLUOROACETATE ON RESPIRATION 

AND POTENTIAL OF NERVE^ 

L. L. BOYARSKY , 2 A. D. ROSENBLATT, S. POSTER and R. W. GERARD 
Fmn the Deparlmenl of Physiology, University of Chicago 
CHICAGO, ILLINOIS 

T here is general agreement that pyruvate is a key link in carbohydrate 
oxidation and glycolysis, ^^diether the further oxidation of pyruvate is via 
a simple decarboxylation or through the Krebs cycle is not known for nerve. 
Although glucose is burned and fermented by resting nerve, the excess metabolsm of 
activity may involve phospholipid breakdown (i). Energy from these reactions 
serves to build energy-rich phosphate bonds, stored in nerve mostly as CrP (2), 
which probably are the more immediate energy source for maintaining cell integrity 
and function. The fluoroacetates are known to interfere with pyruvate oxidation, 
and perhaps with that of acetate separately (3), to interfere in the Krebs cycle, and to 
block specifically the extra oxygen consumption of activity in the case of muscle 
(4) ; as does azide in muscle (5) and nerve (6, 7). Correlated studies on the influence 
of this inhibitor on the respiration and functional properties of nerve should thus 
yield information as to the metabolic basis of nerve activity. 


METHODS 

Sciatic nerves of summer, winter and spring green frogs, with perineurium slit to facilitate 
diffusion, were mounted singly in a three-compartmented chamber. Electrodes of Ag-AgCl or of Pt 
were arranged as follows: in an end compartment, two stimulating electrodes; inthe middle one, two 
pick-up electrodes (leads A and B) ; in the far end one, a pick-up (lead C) and an indifferent electrode. 
Dimensions are shown in figure 5. The central compartment was kept filled with Ringer’s or a 
drug solution, substitution being made without moving the preparation. Stimulation, normally 
only during measurements, was at 20 per second by a conventional thyratron stimulator with a 
transformer output. Action potentials were measured on the cathode ray tube face for height or 
photographed or traced for study of shape. Experiments were begun within half an hour of killing 
the frog and spike heights normally remained constant for over 6 hours. A 30- to 60-minute control 
period always preceded the application of test solutions. Electrical studies were made at room 
temperature, 21'’ to 28°C. in various experiments. 

Respiration studies were carried out in the microrespirometer previously described (8) or, in 
stimulation experiments, in a new modification (7). For resting Q02, 3-mg. stretches of nerve were 
run at 3o°C. (summer, 194.7) ; for active Qo», lo-mg. stretches (summer, 194.8). Solutions were made 
in Ringer-bicarbonate, reagent being substituted for a molar equivalent of NaCl when any serious 
departure from isotonicity was involved, and adjusted to ps. 6.8-7.4. The MFA was tested for 
purity by boiling point determination.® 


Received for publication January 31, 1949. 
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RESULTS 

Sodhim fluoroacetate is almost inert for frog nerve. Spike height was unaffected 
at concentrations up to 100 mM, with the nerve left mainly at rest or, compared to a 
control, when tetanized continuously for 13 hours. Even at pK 6.0, which should 


Table 1 


IKHIBITOR 

% iNninmoN or eespihatioh 

2 hrs. 

3 hrs. 

4 hrs. 

Sodium fluoroacetate 

■H 



O.OIM 


3 

7 

O.IOM 


40 

SS 

Methyl fluoroacetate 


1 

i 

0.005M 


80 

80 

O.OOIM 


30 

35 

1 


* Number of experiments indicated in ( ). 



favor penetration by un-ionized molecules, no action potential changes were pro- 
duced. 

Respiration of paired nerves agreed within 10 per cent (Qo„ at 3o°C. = 142 ± 29 
in 36 experiments), and no change resulted from soaking as long as 4 hours in 10 mM 
Na fluoroacetate (table i). At 100 mM, oxygen consumption was reduced 50 per 
cent, the spike remaining normal. The feeble action of this substance is, therefore, 
not entirely due to lack of penetration; a conclusion supported by its similar lack of 
actmty in inhibiting dehydrogenases in nerve or brain homogenate (9). 

Methyl jliioroacelale {MFA), in contrast, blocks nerve in concentrations lower 
than does DFP (10, ii), though not so low as cyanide (12) or lAA (13). One mM 
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solutions are ineffective, but at 5 nuu block is complete in 3 to 4 hours and at 50 mM, 
within 1.5 hours (fig. i). Continued tetanization does not alter the curve of fall, 
in contrast to the lAA-poisoned nerve (13). Spike height falls along a sigmoid 
curve, as if a latent period exists in the action of MFA (but see thresholds, below), 
longer with lower concentration; but the shape of the curve is more directly determined 
by the order of failure of individuals in the fiber population. Thus, spike height at 





the C electrode, beyond the exposed stretch of nerve, falls with or slightly ahead of 
that at the A electrode on the exposed region. Further, at the B electrode, more 
distal in the middle compartment, the potential falls with that at C, while at A, more 
proximal, the fall is less rapid. A particular fiber, then, may block an3r?\'here along 
its exposed length but its spike remains essentially at full value up to the point and 
time of block. Changes in shape of the nerve action potential (fig. 2) show a de- 
crease of conduction velocity paralleling a rise in threshold before fibers begin to 
block. Block then develops progressively from the larger to the smaller fibers, 
without further slowing. Threshold, for minimal, 50 per cent, or mavim al spike 
response, begins to rise at once and increases 2- to 5-fold over 30 to 90 minutes, alike 
in either 0.005 or o.oi m MFA (figure 3). No change (or a slight increase in some 
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cases) in demarcation potential, measured at the nerve end in MFA (.01 or .005 m) 
compared to an end in saturated KCl, was observed up to complete block. 

Winter frog nerves are only about half as susceptible to MFA as are summer 
nerves. Five mil blocks in 5.5 to 6 hours in winter, as compared to 3 to 4 hours in 
summer, and the latent period’ is about 2 hours. At 10 niM concentration, the fall 
begins, in winter, in i to 1.5 hours and block is complete in 2.5 to 3 hours. 

Once spike Height has begun to fall, washing in Ringer does not alter its course. 
The inhibition is, therefore, irreversible after exposure for an hour or so. This is 
different from the inhibition of CrP res)mthesis in muscle, which is reversible on 
washing (4). In yeast a partial reversal of the inhibited respiration is obtained with 
acetate (14), and in chilomonas with pyruvate and alcohol (15). We have tested 
a munber of substrates for their ability to prevent or reverse MFA inhibition of nerve. 

The oxygen consumption of nerve is more sensitive to MFA than is conduction. 
Even I mM cuts respiration by 30 per cent, with no block, and 5 m^i reduces respira- 
tion to 20 per cent of normal at a time when only half the fibers are blocked (table 2). 
This re-emphasizes the factor of safety (16) in the energy supply of nerve, seen also 


Table 2 


HKS. ArXER UFA (o.OOSU) 

% OP NOaitAL FOE FEOG SCIATIC 

j No addition 

Na Fumarate (o.osM) 

Action potential 

Respiration 

Action potential 

Respiration 

I 

8 S (S) 

(6) 


( 3 ) 

2 

SO 

20 


45 

3 ! 

IS 

20 

100 

55 

4 

0 

20 

100 



imder conditions of hypoxia. The increased ojygen consmnption on tetanization 
may be as much in nerves poisoned with MFA (i to 5 mw) as in normal controls at 
times when the resting respiration of the MFA nerves has been cut as low as half 
normal. (Details will be published elsewhere, 7.) Addition of Na fumarate to 
normal nerve, up to 100 mil, has no effect on oxygen consumption; but added an 
hour before MFA, at ten-fold the molarity of the inhibitor, it reduces the inhibition 
from 80 per cent to only 50 per cent (table 2, fig. 4). With this increment in metab- 
oUsm comes complete prevention of block. 

In action potential experiments, each substrate was added an hour before the 
MFA (in similar substrate solution) and was tested in concentrations of 2 and 5 times 
that of the inhibitor (5 msr in summer, 10 mii in winter). Glucose, ethyl alcohol, 
acetate, pyruvate and alpha ketoglutarate were completely ineffective against MFA. 
Malate and perhaps oxaloacetate gave partial protection in 5 : i concentration, suc- 
cinate protected fully at 5:1, partially at 2:1 (fig. 5). Most striking is the action 
of fumarate, which gave full protection for over 6 hours at twice the molarity of 
MFA (fig. 5.) This protection by fumarate can still be attained when it is added 
within 15 minutes after MFA, while after 30 minutes it is completely ineffective. 
This is further striking evidence of a brief ‘latent period' in MFA action during which 
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its effects can be reversed, and of a succeeding period when damage has become ir- 
reversible even though conduction has hardly begun to fail. (That MFA action is 
not delayed by slow penetration is shown by the prompt increase in threshold.) 




speaks against MFA acting as a competitive inhibitor; although, on the 
other side, 20 mM fumarate protected against 10 him MFA and 40 mM against 20 roM, 
but 20 mM fumarate did not protect against 20 ttim MFA. 

Controls with substrates on normal nerve showed them inactive— spike height 
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remained normal in 10 mM Na acetate for over 6 hours — except for malate and glucose 
added to Ringer in high concentration. The former, 100 him, blocked conduction 
in two hours' and even at 50 mM caused spike height to fall to half within 30 minutes, 
where it remained. Glucose, 100 mM, led to an increase in spike height of 15 to 20 
per cent, which was maintained for hours. An increase followed by block, reported 
by others (17, 18) was probably due to fuller loss of electrolyte. 

DISCUSSION 

A nerve blocks, presumably, when the eddy currents between active region and 
to-be-activated region do not reach the threshold of the latter. This results, for un- 
changed geometry and conducting media, when the action spike is sufficiently de- 
creased or the membrane threshold is sufficiently raised. While, in general, mem- 
brane potential decreases along with spike height, the two can vary independently. 
Similarly, membrane threshold and potential do not necessarily vary in parallel 
fashion. MFA blocks conduction by raising threshold (and slowing conduction), 
without altering the demarcation potential or the action spike. This resembles the 
narcotics (19, 20) or DFP (ii), which also raise the nerve threshold; but not cyanide 
(19-21), anoxia (22), or lAA (23), which depolarize. With MFA, the threshold rise 
starts at once and is twice normal in 15 minutes, when conduction is slowed but other- 
wise unaltered. Even at 30 minutes, when the threshold is increased threefold, the 
action potential is over 95 per cent normal. A factor of safety of at least three is 
thus shown. 

MFA does not decrease the metabolism of activity independently of that of rest. 
On the contrary, the extra o:^gen consumption of conduction may be normal when 
the resting oxygen consumption has been cut below one-third, though it also de- 
creases at higher MFA concentration before conduction fails. This is in sharp con- 
trast to the action of azide, which can abolish the extra osygen consumption of 
activity with disturbing resting respiration or conduction (6, 7), as well as to the 
action of MFA on muscle. Resting oxygen consumption, on the other hand, is 
depressed by MFA in concentrations and at times which still leave conduction intact. 
Even fumarate, which protects conduction fully against MFA block, leaves the rest- 
ing oxygen consumption 50 per cent depressed by MFA. Clearly a factor of safety- 
in the metabolic flow of energy exists, as earlier indicated (16). This result also sug- 
gests that MFA block of metabolism occurs above some energy-yielding steps, which 
continue to supply energy for function when oxygen uptake, nearer the top of the 
sequence, has been cut. 

Metabolic energy, perhaps both resting and active together, is funneled into 
functional use, in nerve as in other tissues, through CrP and ATP (2). Interfer- 
ence with oxidations or glycolysis or both decreases the CrP content, but oxida- 
tive energy is the more important in maintaining normal conditions. Fluoro- 
acetate acts as an inhibitor in the oxidative chain, just where is not fully agreed upon, 
but does not decrease lactic acid formation (4), and it especially prevents CrP re- 
synthesis and recovery oxygen consumption (4) and heat production (24) in muscle. 
(Metadinitrobenzene may decouple oxidations and phosphorylations, 23 ; and methyl- 
ene blue, which, like MDB, markedly diminishes the creatin phosphate of muscle. 
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2, perliaps acts similarly. This action is not excluded for MFA.) Since the resting, 
but not the active^ metabolism of nerve depends largely on carbohydrate oxidation 
(25), while the increase on activity is perhaps associated with phospholipid loss, it 
was thought that MFA, supposed at first to block acetate oxidation (3), might differ- 
entially depress the active metabolism in nerve even more than in muscle. This 
it does not do; and fuller evidence on MFA action (26, 3, 14) implicates pyruvate 
oxidation, presumably via the Krebs cycle (4). The sharp differences in the be- 
havior of nerve and muscle — NaFA inactive on nerve (Dr. Stannard has, however, 
noted a similar inactivity on muscle), MFA action irreversible, and resting rather 
than active metabolism inhibited — emphasize again fundamental metabolic differ- 
ences between these tissues. 

That the Krebs cycle is operative in brain, is now well supported (27-29). In 
the case of nerve, the depressant action of arsenite (30), known to inhibit the oxida- 
tive decarboxylation of alpha ketoglutaric acid (31), suggests the cycle; while the 
failure of malonate, which inhibits the dehydrogenation of succinic acid, to depress 
resting potential (23) or spike, as we have found, speaks against it. The negative 
results cannot be dismissed simply as lack of penetration, since malonate is also rela- 
tively ineffective on the dehydrogenases of nerve brei (9) . None the less, our findings 
that the tricarboxylic intermediates, especially fumarate, can prevent MFA block 
and counter its inhibition of respiration, speak for the presence and functional im- 
portance of a tricarboxylic cycle in nerve. 

SUMMARY 

Na fluoroacetate is almost inactive on frog sciatic nerve. Conduction is un- 
affected at 100 mM concentration and o:^gen consumption is only 50% depressed. 
Lack of penetration does not adequately account for this feeble activity. Methyl- 
fluoroacetate interferes with resting metabolism and leads to irreversible conduction 
block, large fibers before small ones, after a ‘latent’ period during which threshold is 
rising. In summer frogs, more sensitive than winter ones, 5 mM MFA blocks con- 
duction in 3 to 4 hours by raising the threshold 2- to over 5-fold and slowing conduc- 
tion 2-fold or more. Resting potential and spike height, for individual fibers, are 
not altered. Resting oxygen consumption is cut to 70 per cent normal by 1 mM 
MFA, to 20 per cent by 5 mM; but the extra Q02 of activity may remain intact when 
the resting value is severely cut. Fumarate and succinate can protect against MFA 
action; ethanol, acetate, pyruvate, alpha-ketoglutarate, and glucose are ineffective. 

These findings emphasize the safety factor in nerve metabolism and the meta- 
bolic difference between nerve and muscle, and support the existence and functional 
importance of a tricarboxylic cycle in nerve metabolism. The selective inhibition 
of resting rather than of active oxygen consumption, by MFA on nerve, is a unique 
reversal of the more usual selective inhibition of activity metabolism. 
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ACTION OF ANTICHOLINESTERASES, DRUGS AND INTER- 
MEDIATES ON RESPIRATION AND ELECTRICAL 
ACTIVITY OF THE ISOLATED FROG BRAIN^ 

V. B. BROOKS, R. E. RANSMEIER and R. W. GERARD 
Fron% the Department of Physiology, University of Chicago 

CHICAGO, nXINOIS 

W AR research has made available a number of new metabolic inhibitors 
with striking pharmacologic actions. Some of these are potent cholin- 
esterase (ChE) inhibitors, as diisopropyl fluorophosphate (DFP) and the 
polyphosphonate esters, tetraethylpyrophosphate (TEP) or hexaethyltetraphosphate 
(HTP), and their action has been widely interpreted in terms of an accumulation of 
acetylcholine (ACh). Others do not affect ChE, as sodium or methyl fluoracetate 
(MFA), and their action has been ascribed to interference with oxidative sequences 
and energy yield. The functional importance of a particular chemical step can be 
explored by observing the effect on function of blocking that reaction, as in the classi- 
cal work with lAA on lactic acid formation in muscle. We have, accordingly, 
studied the action of several of these inhibitors, alone and in combination with eserine, 
atropine, caffeine or Kreb’s cycle substrates, on the isolated frog brain. This prep- 
aration yields a regular electric rhythm spontaneously and large recurrent traveling 
potential waves under the influence of strong caffeine, and these have been taken as 
an index of the physiological state of the tissue. As a further check on the overall 
metabolism, the oxygen consumption of bits of brain has been followed. A few 
assays of ChE inhibition of brain homogenate or slices have also been performed (with 
D. Luck). The physiological action of both types of inhibitors (MFA, DFP, TEP) 
has been found to follow more closely their inhibition of oj^gen consumption than 
their inhibition of ChE. 


METHODS 

Preparation of and recording from the isolated frog brain have followed the earlier description 
(i). Reagents were applied by soaking in the desired solution for a short time, usually 2 minutes, 
then dipping quickly into Ringer. When caffeine (0.5%) waves were being studied, caffeine (0.1%) 
was re-added with the test solution to prevent washing out of the alkaloid. 

For respiration studies, the capillary respirometer (2) and the Warburg methods have been 
used. Bits of the primordium pallei, some 2 mm. long oriented from midline to lateral convexity, 
some I mm. wide from anterior to posterior, and 0.2 mm. thick from pial to ventricular surfaces, 
were used in the capillary. Each bit weighed about 0.7 mg. and experimental and control pieces 
were taken as far as practicable bilaterally from like regions of the hemispheres. In the Warburg 
experiments, 3 hemispheres, sliced into pieces roughly of the above size, were used in each manometer. 
Since, after completing the preparation, some time must elapse before satisfactory readings are 

Received for publication Januarj-^ 31, 1949. 

I Performed under contract between the Office of Naval Research and the University of Chicago 
A preliminarj' report appeared in Federation Proc. 7; rs, 1948. 
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obtained, Qoo values are mostly given for the second hour after drug application. The brain bit 
was left in the desired solution for 2 to 6 minutes (less often 15 to 20, with like results), quickly 
washed, blotted, and mounted in the respirometer. Readings were normally begun half an hour 
later. Vapor pressure of the drugs tliemselves did not alter readings. Electrical measurements 
were made at room temperature, mostly 20° to 23°C.; respiration measurements in a bath at 25° to 
28°C. 

ChE assays were made by a standard frog rectus method after incubating ACh with brain 
homogenate. Manometric measurements supplemented these, 5° per cent inhibition by the various 
drugs being attained at some ten-fold lower concentrations. Figures are given for the muscle 
assay. 

The drugs were obtained from the University of Chicago Toxicity Laboratorj’, (Dr. Hutchens), 
the Victor Chemical Works and Edgewood Arsenal (Dr. Himwich), and were tested for purity by 
mea^rement of boiling point. Stock material was kept in a desiccator, solutions being made in 
Ringer bicarbonate (gm/I. NaCl 6.5, KCl .2, CaCl; .25, NaHCOa .15), adjusted to a pa of 7.0 
to 7.5 before using. Results obtained, especially with TEP, were different quantitatively from one 
season to another but probably' this variance is due to the frogs and not to the use of different batches 
of chemicals. Other diSerences, in critical drug concentrations and even type of electrical efiect, 
were encountered when some of these experiments were repeated in the summer at another laboratory. 
The results reported are those regularly obtained here. 

RESULTS 

NaFA. This agent was inactive, even in 50 roM concentration, on the normal or 
caffeine waves of frog brain or on its respiration. This inertness, despite powerful 
pharmacological action in vivo on mammals (2a, 3a), is not due entirely to lack of 
penetration, for NaFA proved similarly ineffective in slowing MB reduction by rat 
brain homogenate (3). Similar lack of activity for muscle has been observed (4). 
On intact peripheral nerve, also, NaFA did not depress conduction or respiration 

(5) , although in other species marked depression of brain respiration has been foimd 

( 6 ) . 

MFA. In contrast to the sodium salt, the methyl ester inhibits respiration by 
10 per cent at 5 nm, by 45 per cent at 12 roM and by 80 per cent at 25 mM. At o.i 
to 2 nm, there may be some stimulation of O2 consumption (table i . 4 ). MFA also 
inhibits a number of dehydrogenases, as tested by MB reduction (3), and depresses 
conduction and respiration of nerve (5). ChE is 50 per cent inhibited at 10 mir. 
Action on brain potentials begins at 12 msi, which cuts amplitude to half without 
affecting frequency, the change being complete within 20 minutes (fig. i). Higher 
concentrations produce the same changes, but more rapidly, until 100 mM, which 
abohshes all activity after a 2-minute soaking. After a one-minute exposure to this 
concentration, a very feeble rhythm of normal frequency remains. 

In the presence of .5 per cent caffeine, 12 mM MFA inhibits respiration by only 
20 per cent. Caffeine spikes are transiently increased in amplitude and frequency 
by this MFA concentration, which is threshold, but return to normal in a minute. 
Stronger solutions (16-50 mai) abolish all activity or cut both amplitude and fre- 
quency (to 50% by 25 mil exposed for half a minute, to zero in 4 minutes, exposed 
for 2 minutes). All the MFA effects on electrical waves can be reversed by prompt 
w^ashing, but after a few minutes they are permanent. 

DFP. At I mM concentration, DFP inhibits o.xygen uptake by 10 per cent; 
at 10 mM, by 50 per cent (table i B). ChE is inhibited about 50 per cent by 0.3 
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Table i. Inhibition of brain oxygen consumption 


numbek of 

EXFEBIMENXS 

AVESAGED 

DRUG 

COKCEKTRATION 

Qoj (2 nd hb.) 

nraiBiTioN [%) 

(mM) 

Control 

Drug 

I 

O.OI 

A. MF. 
440 

4 

435 

0 

I 

O.I 

370 

38s 

-4 

I ' 

2. 

7 SS 

790 

-5 

2 

S- 

880 

830 

6 

3 

10. 

S6S 

310 

45 (40-50) 

2 

12. 

520 

300 

42 (32-52) 

3 

16. 

36s 

140 

62 (so-74) 

I 

25 - 

430 

80 

81 


B. DPP 


I 

O.OI* 

385 i 

390 

0 

I 

1 o.s 

580 

330 

43 

I 

i X.* 

305 

265 

13 

I 

3 -* 

180 

160 

12 

2 

5.* 

345 

233 

32 (24-40) 

I 

6.* 

240 

140 

45 

1 

10. 

495 

305 

38 

2 ; 

1 

10.* 

32s 

170 

48 (44-52) 


a TBP 


I 

lo-o 

375 

355 

5 

2 

IO-® 

810 

730 

11 ( 5-17) 

4 

10-^ 

5x5 

465 

10 ( 5-is) 

1 

lO"*^ 

385 

320 

17 

2 

O.OI 

330 

28s 

14 (10-18) 

I 

O.OI* 

360 

305 

16 

I 

O.I 

395 

335 

IS 

2 

1. 

325 

X 95 

40 (35-45) 

2 

I.* 

320 

205 

36 (33-39) 

2 

10. 

71s 1 

340 

57 (49-65) 


D. ES 


2 

10.* 

340 


345 

-2 ( 0 4) 

2 

20.* j 

400 


290 

28 (27-29) 


E. AS 


I 

O.OI 

340 

340 

0 

2 

O.I 

585 

555 

5 (3-7) 

I 

0.1* 

225 

230 

-3 

4 

I. 

545 

435 

20 (9-31) 

2 

I.* 

255 

255 

0 (-4 to -1-3) 


I'Daese experiments in Warburg, others in capillary respirometer. Control values average 
higher in the capillary (525) than in the manometric (325) method; but % inhibition in comparable 
experiments is alike by both methods. The higher variation in the capillary is probably due to the 
much smaller samples used; the higher average perhaps to less damage. Some experiments at one 
coiiccntration are given individually to show the similarity of inhibition despite variation in con- 
ditions. Values in ( ) indicate the range of inhibition, which is much less thnn the range of absolute 
values from brain to brain. 
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TDAf. Spontaneous electrical waves are first affected at lo mM, which leads to a 
prompt and marked slowing to 2 to 3 a second, with no initial change in amplitude 
(fig. i). Over about 10 minutes, amplitude falls greatly, with spindling recurring 
at lo-second intervals, but there is no further frequency change. 

In the presence of caffeine, i mM DFP inhibits respiration during the second 
hour by 20 per cent; 5 mM, by 35 per cent (table 5 B). Even o.i mM markedly in- 
creases the after train of caffeine spikes. At 5 mM the caffeine spikes begin to be 
depressed in amplitude and frequency, and at 10 mM they are abolished by a 2-minute 


'VVNAryvys^ 

TYPICAL NORMAL DFP(l2mM) IN ESOSmM) 

after 1+ MIN. 


MFA (50mM) AFTER 5Mltt 


SAME AFTER 13 MIN. 
OFP(lOmM) AFTER 3 MIN. 



TEP((0“'titNl)AFTER4MI«. 
SAME AFTER 4 RlN<:a WASHES 



CAFF.(2(SfrtM) AFTER 2 MIN. 


SAME 5MIN. AFTER MFA 
^OmM)lNCAFF. (SmM} 


AS(lfnM). AFTER 9MJN. 


SAME 5MIN. AFTER 
T£P(lrnM)lN AS(lmM) 



SAME 10 SECONDS LATER 


SAME 70 SECONDS LATER 


Fig. I 


soaking. All the DFP effects can also be stopped or reversed by washing within a 
few minutes of drug application. 

TJSF. Both electrical activity and respiration are affected by this agent at 
far lower concentrations than by the others. io~® mM solutions depress respiration 
by lo per cent, and even o.i ruM depresses little more, by 15 per cent. One to 10 
nrM concentration cuts respiration to half (table i C). Three X 10“^ mM inhibits 
ChE about 50 per cent. The spontaneous electric waves are first altered by io~^ mM 
TEP, which triples their amplitude without affecting frequency (fig. i). No further 
action is obtained by increasing the concentration through the one to 10 mM range, 
but at 10 mil activity is promptly abolished. (In late spring to early fall frogs only 
a depression in amplitude appeared, beginning at 10“^ mM and being complete at 
10 mM.) 

In the presence of caffeine (.5%), i mil TEP inhibits respiration by 15 per cent, 
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5 mM by 40 per cent (table 5 B). This is the TEP concentration range in which the 
effect on caffeine waves changes sharply, being increased in amplitude and frequency 
for several minutes by i niM solutions, depressed by stronger ones. Five mM TEP 
abolishes caffeine activity over 15 minutes, 10 mM, within a minute or two. Some, 
but incomplete, reversibility of these effects is obtained by prompt washing. 

Bserine Sulphate or Salicylate (ES). ES at 3 X io~^ mM inhibits ChE about 50 
per cent. One to 5 mM ES slows the spontaneous rhythm to half frequency and at 
10 naM doubles amplitude as well. Occasionally, regularly-repeated convulsive 
spikes appear. Simffar findings with ES, but at 0.01 mM, and with ACh have been 
reported earlier (7). The ES action is reversed by washing at 30 to 60 minutes. 
Ten mM ES does not alter Q02 but 20 mM produces a 30 to 40 per cent inhibition, 
persisting over both the 2- and the 4-hour measurement periods (tables i D and 2 A). 
A control with like concentrations of sodium sulphate or salicylate showed no in- 
hibition. These data were especially needed for study of the combined action of 
ES and more irreversible anticholinesterases. 

Several workers have shown that prior treatment with ES and related drugs will 
protect against DFP action (8, 9, 48; but not in the roach, 10), and recent evidence 
(34) is clear that ES can protect rats against several ldm’s of DFP without pre- 
venting the almost complete inhibition (98-99%) of ChE. Block of nerve conduc- 
tion by DFP can similarly be prevented by ES, ChE in this case being also protected 
from inhibition (ii). 

DFP or TEP (each 6 nm) inhibits frog brain Qoj in the presence of (and after 
2 hours pretreatment with) ES (20 him) to a deeper level than in the absence of ES — 
65 per cent inhibition versus 40. ES does not, therefore, fully prevent the action of 
these drugs, although ChE must have been entirely inhibited by the ES; but the 
effects on Qoj are not additive. A more searching experiment consisted of exposing 
hemispheres to ES (12 mM) for 15 minutes, then to DFP (3 or 6 him) in ES for 15 
minutes, then washing 5 times in Ringer over a further 40 minutes. Their Qoj’s 
were compared with those of hemispheres similarly exposed to DFP alone or merely 
to Ringer. The results (table 2 B) show a clear protection by ES against DFP in- 
hibition and a lesser protection against TEP. During the first 2 hours of measure- 
ment, 85 per cent of the DFP and 35 per cent of the TEP inhibition is prevented. 
A comparable experiment on sciatic nerves (6 nerves, about 120 mg. per Warburg 
vessel) gave like results (table 2 B ) . DFP (3 mM) alone gave 35 per cent inhibition dur- 
ing the first hour, ES-DFP gave no inhibition, thus protecting 100 per cent. On 
the electrical side, also, ES can protect against DFP abolition of spontaneous waves. 
DFP (10 mM) alone slows the waves and then cuts them down and it at once abolishes 
the slow ones present after ES (2 mM). But in the presence of 15 mM ES, the slow 
waves continue for half an hour with DFP. 

In both DFP and ES experiments, Qoj values for the third and fourth hours 
were higher for the drugged brain or nerve than for the controls. The reasons for 
this late change in inhibition (destruction of drug, e.g. 12, preservation of more sub- 
strate, etc.) and in protection have not been explored. 

Atropine Sulphate (AS). If the effects of these anticholinesterase drugs were 
due to ACh accumulation, atropine might be expected to prevent them. (There 
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is much disagreement as to the extent of prevention of ACh, DFP, and TEP action 
by AS, see 27 and review 53.) It was earlier reported (7) that ACh, like eserine, pro- 

Table 2. es and dfp or tep on brain and nerve respiration 


A. Combined Inhibition: Brain 


TIME, MtN. 

ADDITION, Qqj 

INHIBI- 

TION, 

% 

! 

ADDITION, Qoj 

nmiBi* 

XION, 

% 

ADDITION, Qqj 

INHIBI- 

TION, 

% 

.0-240 

Ringer 

ES* 


Ringer 

ES 


Ringer 

ES 


0- 15 

415 

430 


430 

445 


; 395 

400 


60-120 

300 

180 

40 

320 

j 23s 

27 

305 

200 

35 

120-240 

Ringer 

Ringer 


DFP*. 

DFP 


TEP* 

TEP 

« 

180-240 

240 



140 

80 


145 

80 


% inhibition* 


S2 


43 

67 


40 

67 


% inhibition'* 


1 

1 



30 



30 



B. Protection by ES Pretreatment {see text) 



! 

KINOER 

(Qojl 

R 

DFP 

nmiB- 

ES* 

DFP 

tNHIB- 

R 

DFP 

INHID* 

ES 

DFP 


R 

XEP 


ES 

TEP 

INHIB- 

TISSITE 

(3kM) 

ITION, 


ITION, 

(6siM) 

ITION, 

(6uM) 


(SUM) 


(SmM) 

ITION, 

% 


(Q^) 

% 

(Qo,) 

% 

(Q^o,) 

% 

(Qo,) 

H 

(Qo,) 

■ 

(Q^ 


First Hour 


Brain 

445 

315 

29. 

435 

2 





! 





270 





240 

II 

255 

5 






igo 









125 

34 

145 

24 

Nerve 

ibo 

75 

25 

105 

0 










Second Hour 


Brain 

375 

300 

20 j 

350 

7 










200 





120 

40 

205 

0 






175 









75 

57 

no 

37 

Nerve 

85 

55 

35 ! 

55 1 

35 










Third Hour^ 


Brain 

305 

225 

26 

265 

13 










140 





TOO 

29 

90 

36 






135 









60 

56 

85 

37 

Nerve 

1 

75 

65 

12 

SO 

33 

j 










^ ES = 20 mil in Ringer. = dfp and TEP = 6 mii in Ringer. ® At 180-240 min. 
Compared to Ringer— Qoj 240. « At 180-240 min. Compared to ES— Q02 115. ® ES 12 mir 

tkrougliout. Salicylate used with DFP, sulphate with TEP. ® Fourth hour with TEP. 
ES present with DFP or TEP in all cases when present before. 

duced increased electrical activity of the frog brain and that this was not altered 
by atropine. On the metabolic side, surprisingly little attention has been accorded 
ACh. A questionable increase in the Qo. of eserinized frog brain by ACh addition 
was found by Lipton (reported in 13). 
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AS (i mil), after 3 to 5 minutes soaking, may inhibit brain O02 by 15 to 20 per 
cent (table, i £), measured after an hour of equilibration and on small bits. Ex- 
posure to TEP (.01 mM, 5 minutes soak) subsequent to AS led to a greater inhibition 
of respiration (45%) than exposure to TEP alone (15%). With stronger TEP 
(i mu), inhibition with or after AS (i mil) could exceed 95 per cent (table 3). Re- 
sults with DFP and AS were comparable; inhibition of respiration by DFP alone 


TASXJB 3 . AS AND TEP OR DPP ON BRAIN RESPIRATION 


TQIE, iUH. 

ADDITION, Qoj 

INHIB- 

ITION, 

% 

ADDITION, Qoj 

INHIB- 

ITION, 

% 

ADDITION, Qoj 

INHIB- 

ITION, 

% 

0- s 

Ringer 

Ringer 


Ringer 


AS 1 mu 


s- 10 

Ringer 

AS I mil 


TEP .01 mu 

i 

1 

! 

TEP .01 mu 


60- go 

680 

520 

24 

570 

16 

390 

43 

60- go 

Sio 

410 

19 

440 

14 1 

300 

41 

o ~ S 

Ringer 


i 

1 

Ringer 


AS I mu 


5 - 10 

Ringer 



TEP I mu 


TEP I mu 


60- go 

1 

495 

1 

! 


285 

43 

10— 

98+ 

0- go 

Ringer 





Ringer 


30- go 

255 





265 


go-210 

Ringer 





AS I mu, 








TEP I mu 


go-iso 

305 





225 

1 

! 26 

150-210 

220 





i 105 

i 

0-120 

Ringer 



Ringer 


AS I mu 


0- 60 

23s 



215 

1 

230 

0 

60-120 

200 



215 


205 

0 

120-300 

Ringer 


1 

DFP 3 mu 


DFP 3 mu 


180-240 

180 

1 

1 

160 


125 

30 

240-300 

215 

1 


205 

5 

170 

21 


First two experiments in capillary respirometer, others in Warburg. 


being under 10 per cent, by DFP after atropine, 25 per cent (table 3). On the elec- 
trical side, T to 10 mil AS slows the spontaneous rhythm by 30 to 50 per cent and 
progressively cuts amplitude to zero in 10 minutes. Convulsive spikes appear, 
however, and grow in size (to 250 n V) while decreasing in frequency (to i in 6 sec.) 
over a 30-minute period (fig. i). These spikes are not abolished within 5 to 10 
minutes by amounts of DFP and TEP which abolish the usual spontaneous waves 
at once. Concentrations of AS which do not lead to spiking do not alter the electrical 
effects of TEP, over the range io~® to 1 mu. 
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Dicarboxylic Acids. Fumarate, particularly, is able to counteract the inhibition 
of oj^gen consumption and block of conduction induced in nerve by MFA (5). We 
have made comparable experiments on brain and with other inhibitors. Sodium 
fumarate (16 roM), present before addition of MFA (ii mM) from a side arm, pre- 
vents 75 per cent of the usual inhibition of Qo. produced by MFA alone (table 4). 


Table 4. Protection by fumarate of brain respiration 


TIME, laN. 

ADDITION, Qqj 

INHIBITION, % 

ADDITION, Qoj 

INHIBITION, % 

0-120 

Ringer 

Ringer 

1 


Fumarate 16 mM 


60-120 

440 

460 


450 


120-240 

Ringer 

MFA II mil 


MFA II mM 


120-180 

37 S 

290 

23 

360 

4 

180-240 

340 

205 

40 

30s 

10 

0 

VO 

0 


Ringer 


Fumarate 


0-60 1 


29s 


310 


60-300 


DFP 6 mM 


DFP 6 IBM 


60-120 


220 

i 

270 


120-180 


180 


22s 

i 

180-240 


160 

(43)* 

155 

( 29 ? 

240-300 


no 


los 


0- 60 


Ringer 


Fumarate 


0- 60 


370 


380 


60-300 


TEP I mM 


TEP I mM 


60-120 


290 


325 


120-180 


250 


26s 


180-240 

j 

240 

(40)* 

265 

(34)® 

240-300 


205 


240 



1 From experiment n A, run under parallel conditions. = Calculated onbasis of interpolated 
inhibition. 


The fumarate itself perhaps increased respiration slightly, 2 to 3 per cent. In com- 
parable experiments, fumarate (16 mM) gave a 30 per cent protection against the 
inhibition of oxygen consumption b}"- DFP (6 vm), half this protection against TEP 
(i roM) inhibition (table 4). 

Attempts to explore the protective action of fumarate on the electrical effects 
of the experimental drugs were confounded by an entirely unexpected action of 
fumarate itself. (Fumarate was finally demonstrated to prevent the electrical 
changes, as well as most of the respiration inhibition, induced by MFA.) Even at 
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0.001 imM concentration, soaking for 3 minutes in Na fumarate leads to a dramatic 
change in the spontaneous brain potentials. The waves become progressively larger 
and slower until convulsive-type swings of 200 at one per second are reached. 
The bram then becomes abruptly silent for minutes, when the whole sequence may 
repeat or stop for good (fig. 1). Similar effects, but at rather greater concentration, 
are produced by glutamate (i mM), a ketoglutarate (5 mM), oxaloacetate {icr- him), 
aspartate (10“^ him), and succmate (i-io mM). Valine, pyruvate and glucose, on 
the contrary, are entirely inert. The action appears to be associated with the pres- 
ence of the 4 to 5 carbon dicarboxylic skeleton. These results were obtained con- 
sistently in many experiments during the winter of 1948 at Chicago. Attempts to 
repeat them the following summer were negative, no effect of these substrates being 
observed. Several have again been obtained here this winter (but fumarate only 
at 10 lUM or above) plus the further finding that when a brain has become silent 
after, say, fumarate, it can respond well to, say, aspartic and after this will respond 
again to fumarate. We cannot now account either for the phenomenon or its vari- 
abihty. Sex and temperature at which the frogs are kept are immaterial; different 
batches of chemicals, with or without recrystaUization, have behaved alike. If im- 
purities are involved, they must be extremely potent. The marked variation in blood 
sugar of frogs, from 75 mg.% in summer to 200 mg.% in winter (iia) deserves note; 
as also a seasonal difference in drug sensitivity (12a, 13a). 

Caffeine. Since this drug was used (as alkaloid) regularly in the electrical ex- 
periments, a few tests were run on its influence on respiration. Exposure for 2 to 
3 minutes to 0.5 per cent caffeine (26 him) increases oxygen consumption by a third, 
as it also increases the brain’s electrical activily; and even greater increases, up to 
doubling, are obtained on long exposure to o.i or 0.25 per cent caffeine. Similar 
long exposure, one or two hours, to 0.5 per cent caffeine inhibits respiration 1 5 per 
cent, and also abolishes all electrical activity (table 5 A). DFP, added with 0.5 per 
cent caffeine, does not increase the caffeine inhibition when in a concentration of i 
mM, which increases caffeine waves, but does inhibit further (doubles the inhibition) 
in a concentration of 5 mM, which depresses caffeine waves. MFA, 12 mM, or TEP, 
I mM, does not increase the caffeine inhibition, but 5 mM TEP, which depresses 
caffeine waves, does (table 5 B). 

Nerve. A few experiments on frog sciatic nerve respiration (by K. S. Crippen) 
yielded results similar to those on bram. One to 4 runs each were made in duplicate 
with each agent, compared to Ringer controls, on s-mg. pieces of nerve in the capillary 
respirometer. Nerves were soaked for i to 2 horns (all solutions at pK 6.9-7 .3) be- 
fore mounting and then followed for 60 to 90 minutes. At 10 mM concentration, 
neither fumarate or succmate increased oxygen consumption, nor did 30 mM malo- 
nate iohibit. TEP, lo-^ mM, gave a 40 per cent inhibition; DFP, 5 to 20 mM, a 
60 per cent inhibition; and ES, 20 to 40 mM, a 25 per cent inhibition. Our findings 
are summarized in table 6. 


DISCUSSION 

^ Evidence has been offered that the fluoroacetates specifically inhibit acetate oxi- 
dation, presumably due to competitive inhibition by the halogen compound of appro- 



■Table 5. Catfeine on brain respiration 

A. Alone 


TIME, UIN. 

ADDITION, Qo, 

INCaiEASE, % 

0- 10 

Ringer 

Caffeine 0.5% 


0- 60 

565 

585 

3 

0- 60 

570 

755 

24 

0- 60 

58s 

840 

41 

0-240 

Ringer 

Caffeine 0.5% 


0- 60 

330 

235 

-28 

120-180 

170 

145 

“IS 

180-240 

iSS 

130 

-17 

0-120 

Ringer 

Caffeine 0.25% 


0- 60 

340 

430 

26 

60-120 

26s 

395 

49 

0-180 

Ringer 

Caffeine 0.1% 


0- 60 

Sio 

575 

13 

60-120 

440 

455 

4 

120-180 

360 

270 

“27 

0- 60 

200 

375 

88 

60-120 

100 

275 

- 175 


B. Will: Other Drugs 


TntE, MIN. 

ADDITION, Qq„ 

nraniraoN, % 

0-240 

Ringer 

Caffeine 0.5% 


0- 30 

650 

590 

9 

60-120 

360 

300 

17 

120-240 

Ringer 

DFP I mil DFP s mu 


120-180 

365 

320 230 

12 37 

180-240 

260 

200 180 

23 31 

0-120 

Ringer 

Caffeine + MFA 12 mu 

1 

60-120 

560 

455 

20 

0-120 

Ringer 

Caffeine + TEP i mu 


60-120 

63s 

505 

21 

60-120 

415 

360 

13 

0-120 

Ringer 

Caffeine + TEP 5 mu 


60-120 

375 

215 

43 
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Tabi^; 6. SmmARY 



pnate dimensions to fit the active enzyme (6, 14). Other work (15, 16, i6a) has 
emphasized an action on the oxidative decarboxylation of pyruvic acid and has thrown 
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doubt on the competitive nature of the inhibition. Our finding on brain, as well as 
comparable ones on nerve (5), brain brei (3), and muscle (4) that MFA is far more 
potent than NaFA, also speaks against a precise steric interaction of the fluoroacetate 
radicle with the enzyme. All workers (14, 16, 17, 18) offer evidence of interference 
with the formation or oxidation of succinate or citrate (i8a, 19a) and most believe 
that the tricarboxylic cycle is interfered with, whether decarboxylation or a splitting 
of active acetate (14) occurs at the oxidative steps. The present findings on brain 
and comparable ones on nerve (5), that MFA inhibition of respiration and of function 
can be overcome by several tricarboxylic cycle intermediates, notably fiunarate, also 
strongly suggest an action on the Krebs cycle. We would particularly suspect the 
step from alpha ketoglutaric to succinic except for the finding on muscle (17) that 
MFA inhibits succinic but not alpha ketoglutaric oxidation. Our results, then, favor 
the existence and functional importance in brain (and nerve) of the Krebs cycle. 
No one has suggested that MFA affects ChE, in vitro evidence (6) being to the con- 
trary except for an experiment here in which 20 mil MFA inhibited one-third of the 
ChE activity of frog brain on a 30-minute incubation in vitro. 

DFP, TEP, and HTP, in contrast to MFA, are widely recognized as ChE in- 
hibitors, and fluorophosphonates have been foirnd not to inhibit a variety of other 
enzyme systems m vitro (19). It is commonly assumed, therefore, that these sub- 
stances produce fimctional changes by their action on the ACh system. MFA, how- 
ever, was likewise found (6) inactive on 18 purified enzymes, including the very ones 
that are clearly affected in vivo; and comparable cases of insensitivity of purified 
systems are well known (20). DFP, TEP and eserine have now been shown to 
inhibit oxidations of frog nerve, or rat brain brei, and, in the present experiments, of 
frog brain slices, in concentrations comparable to those which are physiologically 
active or which inhibit ChE (e.g. eserine on nerve, 21-24). DFP and TEP, at o.i 
mM, were also observed in other experiments to inhibit the growth of lactobacillus 
arabinosis (C. Haber). Furthermore, although some work (25-28, 30-32) favors 
the conclusion that symptoms and death produced by anticholinesterases run parallel 
with the degree of inhibition of brain ChE, (although the level of the ChE at which 
death appeared varied in different reports between o [30, 36] and 95% [35] normal), 
other recent studies (32-34) trend in the other direction. High ChE activity, over 
80 per cent normal, may be present in the brains of rats dying from ES (35) and low 
ChE activity (15%), in the brains of survivors (34, see also 32). Furtlier, rats pre- 
treated with ES and surviving 2 to 4 times the LDso of DFP, consistently show less 
than 2 per cent of the normal ChE activity of cortex or caudate or, with larger ES and 
DFP doses, followed hour by hour, become symptom-free while the ChE is still 
falling (at 10-15% normal activity). Accumulation of high ACh concentrations in 
the brain support the evidence that ChE is inhibited in vivo (34). Comparable re- 
sults on ChE are reported for monkeys (36); see also (37). It has even been found 
that when ChE is fully inactivated to ACh by ES its activity on another substrate 
(chloracetic ethyl ester) is unimpaired (38), The literature is conflicting enough, 
even on whether true ChE is as sensitive as psuedo ChE to these drugs (36, 39) or 
not (38, 27, 40, 36, 31, 19) so that a siunmary is dangerous; but table 7 cannot be far 
off in order of magnitude. 

From table 7 the following rough statements can be made. All nerves tested 
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(invertebrate giants, mammalian sympathetic, frog and fish somatic) block within 
an hour when exposed to any of the antiesterase drugs in the concentration range of 
10 to 20 mil. (DFP on roach giant is 60 mM.) TEP is somewhat more active in 
general, ES and DFP change positions from case to case. In DFP-blocked nerves, 
the ChE is found to about 80 per cent inhibited by 3 workers, 92 or 95 per cent in 2 
other papers; in nerves conducting fully, the ChE inhibition is reported by 3 groups to 
be 100, 98, and 93 per cent inhibited. The concentration of a given drug in a given 
species required to block nerve conduction is 1,000- to ioo,ooo-fold greater than that 
needed to alter central nervous function. Brain ChE of mammals is 50 per cent 
inhibited in vitro by TEP or DFP at a concentration range centering on io~® eqm 
(but some reports put DFP concentrations at io~® or higher); by ES at io~®. Frog 
brain is less than one-hundredth as sensitive to ES as is mammalian brain (50% in- 
hibition at io~^ and io~®, respectively) in comparable experiments; roach cord is as 
sensitive or more so to ES (50% inhibition at lo"® mii) and less sensitive to TEP or 
DFP ($0% inhibition at 5 X 10“^ and 5 X io~2, respectively) than is mammalian 
brain. The m vitro drug concentration required for altered central nervous function 
and for 90 per cent ChE inhibition is often similar but may differ by a power of 4 
(ES on roach cord). In vivo administration to mammals indicates that TEP is 
more lethal than DFP (LDso' TEP, about 0.002 mii/K; DFP about 0,02) and there 
is the same disagreement as for nerve as to whether death parallels ChE inhibition 
(50-100% inhibition reported in fatalities at LDeo; 75% to over 90% in survivors — 
even at LDo with DFP). Since lethality may depend on particular sites of action, 
central or peripheral, and drug penetration may complicate in vivo studies (34, 35), 
such disagreements might be expected. It seems clear, none the less, that there is 
inadequate justification for attributing the neural effects of the ‘anticholinesterase’ 
drugs primarily to their inhibition of ChE and an attendant accumulation of ACh. 

It is, in fact, unlikely that aU these drugs act even on the same link in the meta- 
bolic chain, at least in the same neurones; for if so their effects should be essentially 
identical and other agents should alter these in similar fashion. Yet DFP first slows 
the normal electrical waves without changing their amplitude, while TEP mainly 
increases and MFA decreases their amplitude without altering their rate. Caffeine 
waves are imchanged in frequency, except for a transient speeding up by MFA, while 
all 3 drugs increase their amplitude, at least transiently, at appropriate concentra- 
tions. Caffeine, itself reported to inhibit ChE (54, 60, and, at higher concentrations, 
succinic dehydrogenose, 55), produces entirely different electrical effects. These 
various drugs do not, therefore, act alike, as if each inhibited ChE specifically; rather 
all produce somewhat unique fdnctional changes, as if each tangles with the metabolic 
belt in its own way. This is further indicated by the inability of TEP and MFA or 
of TEP and ACh, each present in half that concentration needed to stop electrical 
activity, to sum their effects. In such mixtures, activity continues. Further, ES 
protects respiration and electrical activity against DFP doses that would normally 
stop brain waves at once; while AS does not protect against DFP (both results occur 
in mammals; 49, 57, 53 and references)— it actually enhances the depression of respira- 
tion by DFP and TEP— nor do these drugs prevent the electrical effects of AS itself. 
There is, thus, no evidence for a common action on the ACh-ChE system. 

It IS noteworthy, though, that these drugs (except ES), with or without caffeine, 
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Table 7. Summary or literature 


A. Nerve 





IN VIVO 

IN VITRO 


ijruvE 

DRUG 

Cone. 

niii/K 

LD 

Cone. 

(msi) 

%ChE inhib. 
in nerve 

Cone, (mit) 

Piysiol. effect 

Roach 

Giant fiber 

HTP 

DFP 

.01 

•03 

50(26) 

50(26) 




Block 

Block 

Squid 

Fin 

DFP 




80 (41) 

13(41) 

Block in 30 min. 

Earth- , 

Giant fiber 

DFP 



■ 


25(21) 

Block in 4 min. 

worm 





■ 




Cat 

Cervical 

DFP 



20 

80 (23) 

20(23) 

Block in 2-5 min. 


symp. 

Tibial 

ES 

DFP 





20(23) 

20(22) 

Block in 30 min. 
Block in 20 min. 

Skate 

Optic 

DFP 



■ 


15(43) 

Block in 4 min. 

Frog 

Sciatic 

DFP 

IX. 


3 

3 

98 (22) 
100 (44) 

93 (24)* 

(22) 

15(44) 

3(24) 

20(21,44, 

No block 

No block 

No block 

Block in 20 min. 



E(S) 





23. 22) 

20(23, 22) 

50(21) 

Block in 20 min. 
Block in 70 min. 


B. Brain 


ANTMAL 

DRUG 

IN VIVO* 

IN VITRO 

Cone.* 

mii/K 

LD 

% inhib. brain ChE 

Cone, mu j 

% ChE 
inhib. 
in 

brain 

Cone, mu 

Physiol. 

effect 

Survivors 

Fatalities 

Roach* 

HTP 

.01 

50(26) 



2 X IO“* 

50(26) 

5 X io~'‘(io) 

Synapse 









! 

change 


DFP 

•03 

50(26) 



10*^ 

50(26) 

0 

H 

0 

Synapse 









1 

1 

change 


ES 





IO-® 

50(26) 

.2 (10) 

Sjmapse 










block 

Frog 

ES 






50(56) 



Man 

DFP 



i 


■ 

50(36) 




DFP 

• CX)I 

50(40) 



3 X io~* 

50(36) 



key 


.0005 


100(36) 

100(36) 
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Table Continued 


ANniA-L 

DOTG 

IN VIVO’ 

• • IN VITRO 

Cone.’ 

mii/K 

LD 

% inbib. brain CHE 

Cone. niM 

. 

%ChE 

inhib. 

■in • 
brain 

Cone, mu 

Phyriol. 

efiect 

Survivors 

Fatalities 

Rabbit 

DFP 

.02 

50(40) 

75(30) 










75(30) 

100(30) 





Dog 

HTP 

.002 

50(27) 


60(27)® 







.01 

0(27)5 

96(27) 







DFP 

.02 

50(40) 



10“1 

50(37) 




ES 




■ 

IO~® 

50(56) 


■ •' 

Cat 

HTP 

.001 






(52) 

N-Minc. 



.004 






(52) 

NM block 


DFP 

.01-. 02 

50(48, 





■02 (53) 

EEG 




40) 






change 









.02-. 07 (48) 

NM block 

Mouse 

HTP 

,01 

50(27) 









.006 

0(27) 

33(27)^ 



. 




TEP 

.003 

50(32) 








DFP 

.02 

50(40) 







Rat 

HTP 

.005 

50(50) 


50(50) 

10"5 

50(50) 





.02 

S 0 ( 8) 








TEP 

.002 

50(32) 

33(32) 

72(32) 

4-6 X io~® 

50(28, 










32) 





.004 

50(28) 








DFP 

.01 

50(51, 



6 X 10-5 

50(50) 






37 , 










40) 









•OS 

50(28) 



4 X JO ~* 

50(28) 





.005 

0(37) 

90(37)® 







ES 

.007 

100(35) 


30(35) 

IO ~* 

60(35) 









3 X io ~2 

50(37) 









10-® 

50(31) 

■ 



PS** 

.006 

100(35) 


5(35) 

10-^ 

40(35) 




^ In various papers, these workers have reported that nerve block occurs when ChE inhibition 
is greater than the critical value of: 80% (42), 92% (23, 30), or 95% (24). 

® Other findings: For all four antiesterases, brain ChE is 50% inhibited at the LDjo (28); but 
(33) brain ChE is inhibited alike in fatalities and survivors with DFP or ES. DFP symptoms paral- 
lel the brain ChE inhibition (51); but symptoms begin at 20-30% ChE inhibition (31). 

* These figures are calculated from mg/K. Route of injection was not alike in all. * Gang- 
lionated cord. ® Protected by atropine. 96% ChE inhibition at 3 hours; 65% at 20 hours. 
® It is reported that HTP death occurs at 80-90% ChE inhibition (27). Killed at 15 min. At 
2 flours, inhibition is 26%. It is reported (32) that at LDm brain ChE inhibition with HTP averages 
50% (range 25-75). ® At 5 to 24 hours. At 10 days, 55% inhibition. Other workers (33) re- 

port the same ACh concentration in brains of DFP survivors and fatalities. ’ PS ' '= Pfostigniine 
methyl sulphate. ■ . . , - 
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inhibit the over-all oxygen consumption by 20 to 50 per cent at the concentration, 
in each case, which provokes functional changes — from 10*“* mM in the case of TEP 
to 12 mM in the case of MFA; and, where tested, they inhibit oxygen consumption 
by 40 to 50 per cent at the concentration which abolishes electrical activity. Fur- , 
ther, from concentrations of DFP and TEP which augment caffeine waves to those 
which depress, there is a sharp decrease in respiration. The tempting possibility 
that ChE is involved in normal respiration (e.g. in relation to the choline of lecithin) 
is excluded by the ability of ES to inhibit ChE without altering oxygen consumption. 
Others (10, 33, 9, 45, 46) have also noted different effects of different ‘antiesterases,’ 
even on the EEG (47, 59), and suspected actions other than ChE inhibition (21, 58). 
The ratios of concentrations for the various ‘antiesterases’ for critical action on 
various systems or species are so widely different as also to indicate other actions of 
these drugs. 

SUMMARY 

The isolated frog brain (and nerve) has been used to study the influence of a 
number of substances on function, indicated by normal and caffeine-induced electrical 
waves, and on metabolism, indicated by oxygen consumption and cholinesterase 
activity. The fluoroacetates (NaFA, MFA), inhibitors of carbohydrate metabolism, 
and the fluorophosphates (DFP), polyphosphate esters (TEP), eserine, and atropine, 
recognized as acting on the ACh-ChE system, affect function and metabolism in com- 
parable ways, not in different ones. At concentrations in each case (except ES) 
which alter electrical activity, respiration is inhibited 20 to 50 per cent (about 50% 
when electrical waves are abolished) but ChE inhibition may be absent or nearly 
complete. Results with these drugs, caffeine, and ACh are summarized in table 6. 

There is no summation of the actions of TEP and MFA or of TEP and ACh. 
Eserine can largely or fully protect brain and nerve from DFP depression of both 
function and respiration. Atropine does not protect against TEP or DFP nor is its 
own action prevented by them. Caffeine in small doses increases electrical activity 
and oxygen consumption, in larger doses depresses both. Inhibitors combined with 
caffeine similarly increase or decrease function and respiration in parallel at appro- 
priate concentrations. 

Fmnarate can protect against MFA action and it, with several other dicarboxylic 
acids at low concentration — glutamic, a-ketoglutaric, oxaloacetic, aspartic, and 
succinic (valine, pyruvate, and glucose are inert)— is able to initiate large convulsive 
potentials in the isolated brain. These effects have been variable. 

Our evidence favors a significant role of the tricarboxylic cycle in brain metab- 
olism, one related to the maintenance of function. The present results on frog brain 
and nerve, as well as those in the literature on rats and other animals, indicate that 
DFP and TEP disturb function by mechanisms independent of the simple inhibition 
of ChE. An interference with oxidative metabolism is indicated. 

REFERENCES 

1. Libet, B. and R. W. Gerard. J. Neurophysiol. 2: 153, 1939. 

2. Tobias, J. and R. W. Gerard. Proc. Soc. Exper. Biol. & Med. 47: 531, 1941. 

2a. Ward, A. A. J. Neurophysiol. 10: 105, 1947. 



May 1949 : DRUGS ON BRAIN METABOLISM. AND ACTIVITY 31$ 

3. Michaeus, M., N. Arango and R. W. Gerard. Am. J. Physiol. In press. 

за. CHENO^VETH, M. A. AND E. F. St. John. J. Pharmocol. & Exper. Therap. 90: 76, 1947. 

4. Stannard, J. N. Personal communication. 

5. Boyarsky, L. L., A. Rosenblatt, S. Poster and R. W. Gerard. Am. J. Physiol. 157: 291, 
1949. 

6. Bartlett, G. R. AND E. S. G. Barron. J. Biol. C/tem. 170: 83, 194.7. 

7. Tokaji, E. Ph.D. Thesis. Univ. of Chicago Library, 1941. See also Gerard, R. W. Ohio 
J. Sci. 41: 160, 1941. 

8. Hagan, E. C. and G. Woodard. Federaiion Proc. 6: 335, 1947. 

9. CoMROE, J. H., J. Todd and G. B. Koelle. J. Pharmacol. & Exper. Therap. 87: 281, 1946. 

10. Roeder, K. D., N. K. Kennedy and E. A. Samson. J. Neurophysiol. 10: i, 1947. 

11. Nachmansohn, D. BjiU. Johns Hopkins Hasp. 83:463, 1948. 
iia. Hall, J. C, Ph.D. Thesis, Univ. of Toronto, 1946. 

12. Mazur, A. J. Biol. Chem. 164; 271, 1946. 

12a. Hotzapfel, R. a. Quart. Rev. Biol. 12: 65, 1937 * 

13. Gerard, R. W. Ann. New York Acad. Sc. 47 - S 7 S» 1946. 

13a. Wacholder, K. Pfliiger's Arch. 229; 120, 1932. 

14. Kalnitsky, G. and E. S. G. Barron. J. Biol. Chem. 170: 83, 1947. 

15. Hutchens, J. O. and T. McMahon. U.C.T.L. N.S. 13, Oct. 15, 1946. 

16. Hutchens, J. O., T. McMahon and B. Podolsky. U.C.T.L. N.S. 15, May 15, 1947. 
i6a. Black, S. and J. O. Hutchens. Arch. Biochem. 17: 211, 1948. 

17. CoRi, C. F., S. P. CoLOTiVicK, L. Berger and M. W. Stein. OSRD No. 4984, June 2, 1945, 

18. Cattell, McK. OSRD — OEM cmr. report 245, July 31, 1944. 
r8a. Kalnitzky, G. Arch. Biochem. 17: 403, 1948. 

19. Webb, E. C. Biochem. J. 42; 96, 1948. 

19a. Liebecq, C. and R. a. Peters. J. Physiol. 108: ii, 1949. 

20. Gerard, R. W. Anesthesiology 8: 453, 1947. 

21. Toman, J. E. P., J. W. Woodbury and L. Woodbury. J. Neurophysiol. 10: 429, 1947. 

22. Crescitelli, F., G. B. Koelle and A. GipiAN. J. Neurophysiol. 9: 241, 1946. 

23. Grundfest, H., D. Nachmansohn and M. Rothenberg. J. Neurophysiol. 10; 153, 1947. 

24. Feld, E. A., H. Grundfest, D. Nachmansohn and M. Rothenberg. J. Neurophysiol, ii: 
125, 1948. 

25. Roeder, K. D. and N. K. Kernrod. Federation Proc. 6: 191, 1946. 

26. Chadivick, L. E. and D. L. Hill. J. Neurophysiol. 10: 235, 1947. 

27. Dayrit, C., C. H. Manry and M. H. Seevers. J. Pharmacol. & Exper. Therap. 92: 173, 
1948. 

28. Jones, H. W., B. J. Meyer AND L. Karel. Federaiion Proc. 71 231, 1948. 

29. Rothenberg, M., D. B. Spinson and D. Nachmansohn. J. Neurophysiol, ii: m, 1948. 

30. Nachmansohn, D. AND E. A. Feld. /. Biof. C/jcm. 171: 715, 1947. 

31. Hawkins, R. D. AND B. Mendel. Brit. J. Pharmacol. 2: 173, 1947. 

32. Mangun, G. H. and K. P. DuBois. Federation Proc. 6: 354, 1947. 

.33. Miller, D. S. and B. Ginsburg. Federation Proc. 6: 358, 1947. 

34 - Turtellotte, W. W. In press. 

35 - DuBois, K. P., W. F. Erway and R. V. Byerrum. Federaiion Proc. 6: 326, 1947. 

зб. Mazur, A. and O. Bodansky. J. Biol. Chem. 163: 261, 1946. 

37. Koelle, G. B. and A. Giliian. J. Pharmacol. & Exper. Therap. 87: 421, 1946. 

38. McNaughton, R. A. AND E. A. Zeller, Proc. Soc. Exper. Biol. & Med. 70:165, 1949. 

- 39. Mackworih, J. F, AND E. C. Webb. Biochem. J. 421 91, 1948. 

40. Horton, R. G,, G, B. Koelle, B, P. McNamara and H. J. Pratt. J. Pharmacol. & Exper. 
Therap. 87: 414, 1946. 

41. Bullock, T. H., H. Grundfest, D. Nachmansohn, M. Rothenberg and K. Sterling, J. 
Neurophysiol. 9: 253, 1947. 

42. Bullock, T. H., H. Grundfest, D, Nachmansohn and M. Rothenberg. J. Neurophysiol 10 • 

63. 1947. ‘ ‘ 



3i6 brooks, RANSMEffiR and GERARD Volume 157 

43. Bullock, T. H., H. Grundfest, D. Nachmansohn and M. Rothenbeeg. J. Neurophysiol. 10: 
II, 1947. 

44. Bovarsky, L. L., J. M. Tobias and R. W. Gerard. Proc, Soc. Expcr. Biol. & Med. 64: 106, 
1947 - 

45. Heymans, C. Experienlia 2: 260, 1946. 

46. Wilson, A. and H. B. Stover. Lancet 246: 429, 1944. 

47. Williams, D. and W. R. Russel. Lancet 240: 476, 1941. 

48. Modell, W., S. Keop, P. Hitchcock and W. F. Rieer. J. Pharmacol. & Expcr. Therap. 87: 
400, 1946. 

49. Hunt, C. C. and W. R. Riker. Federation Proc. 6: 340, 1947. 

50. DuBois, K. P. AND G. H. Mangun. Proc. Soc. Exper. Biol. & Med.' 64: 137, 1947. 

51. Freedman, A. M. and H. E. Htmwich. Federation Proc. 7: 37, 1948. 

52. Burgen, a. S. V., A. C. Keele, M. Chennells, J. del Castillo, W. F. Floyd, D. Slome and 
S. Wright. Nature 160: 760, 1947. 

53. Wescoe, W. C., R. E. Green, B. P. McNamara and S. Krop. J. Pharmacol. & Exper. Therap. 

92: 63, 1948. • 

54. Nachmansohn, D. and H. Schneeman. J. Biol. Chcm. 159: 239, 1945. 

55. Watts, D. T. Federation Proc. 1: 263, ig^S. 

56. Hawkins, R. D. and B. Mendel. J. Comp. Cell. Physiol. 27: 69, 1946. 

57. Brenner, C. and H. H. Merritt. Arch. Neurol. & Psychial. 48: 382, 1942. 

58. Adrian, E. D., W. Feldberg and B. A. Kirby. Brit. J. Pharmacol. 2: 56, 1947. 

59. Funderburk, W. H. and T. J. Case. J. Neurophysiol. 10: 179, 1947. 

60. Augustinsson, K. B.Acla Physiol. Scand. Suppl. 15: 52, 1948. 



RESPIRATORY FUNCTION AND BLOOD FLOW IN THE 
BRONCHIAL ARTERY AFTER LIGATION OF 
THE PULMONARY ARTERY 

W. E. BLOOMER, W. HARMSON, GUSTAF E. LINDSKOG 
AND AVERILL A. LIEBOW 

Frojn the Deparimcnls of Surgery and Pathology, Yale University School of Medicine^ 

NEW HAA^N, CONNECTICUT 

I T HAS long been known that the blood arriving b}’- way of the bronchial arteries 
is in itself sufficient to support the life of the lung, provided that there is not an 
excessive back pressure in the pulmonary veins (1-3). Schlaepfer (3, 4) has 
demonstrated that such a lung, deprived of its pulmonary arterial supply, suffers 
little histological change, even during a two-year interval. It merely becomes re- 
duced to three-fourths or two-thirds of its usual size and there is slight fibrosis about 
the bronchovascular rays and in the walls of the alveoli. In these lungs there has 
been observed grossly an enlargement of the bronchial arterial channels, as well as 
the development of collaterals from the esophageal and other vessels of the medias- 
tinum (2, 3, 5, 6). 

That blood brought to the lungs by way of such arterial channels can enter the capillaries 
of the alveoli and perform a respiratory function is implied by the existence of instances of pulmonary 
atresia in man, where branches of the descending aorta constitute the sole arterial supply of the 
lungs and maintain life for many years (7, 8). Actual indirect measurements of the volume of 
blood arriving by way of collateral channels in cases of pulmonic stenosis have recentb' been made 
b}' Bing and his associates (9). Anatomical studies of bronchovascular casts of the lungs also have 
demonstrated the enormous collateral bronchial arterial circulation that may exist in congenital 
pulmonic stenosis (10) and in chronic bronchiectasis (ii). The possible role of this systemic col- 
lateral in shunting blood from points of anastomosis within diseased tissue to healthy pulmonary 
parenchyma has been discussed (ii). In the intact lung of the dog and of man precapillar}'- anas- 
tomoses between the bronchial and pulmonary circulations do not normally existfia), but blood 
may reach tire capillaries of the alveoli from the bronchial vessels if the pressure in the pulmonary 
artery is reduced (13). 

The present experiments were designed to test, in the dog, in what measure a 
lung whose main pulmonary artery has been ligated can carry on the function of 
respiration, and to determine whether such a respiratory function ma}'- increase with 
time. Anatomical studies of the lungs of these animals are reported elsewhere (6). 

METHODS 

The posterior operative approach to the left pulmonary artery through the fifth 
interspace was used. This was advantageous in comparison with the anterior ap- 

Received for publication Januarj' 7, 1949. 
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proach in that a longer segment of the artery could be visualized and isolated for 
ligation, and retraction of the pulmonary vein was less difficult. 

For the bronchospirometric studies a cannula was constructed somewhat on the 
pattern of the instrument previously described by Van Allen and Lindskog (14). 
This provided a convenient means of cannulating the right and left halves of the 
respiratory tree separately. The new cannula consists of two parts: A narrow tube 
(the left bronchial cannula) 51.5 cm. long and 7.5 mm. in external diameter, which 
fits within another tube (the tracheal cannula) 31 cm. long and 13 mm. in diameter. 
When the latter is introduced into the trachea, the distal end of the bronchial cannula 
can be placed under direct vision into the left main bronchus whose respiratory ex- 
change is thus isolated. The short tracheal tube carries the exchange of the right 
lung, which is brought out by means of a side arm 7 mm. in internal diameter. The 
tracheal tube is surrounded by a collapsible rubber cuff to insure an airtight intra- 



Fig. I. BROXCHOSPiROiiETRic CANNULA. The Van Allen bronchial unit is shown held in place 
within the tracheal cannula. In practice the rubber stopper is not inserted until the bronchial unit 
has been fixed in the left main bronchus. The screw thread, manipulation of which spreads the 
rubber covered petals of the bronchial extremitj-, is at the right. The side arm connecting to the 
lumen of the outer, tracheal, unit projects obliquelj' upwards. The bag that assures a tight tracheal 
seal has been inflated. In use, a pressure bulb and mercury manometer would be attached to the 
rubber tube that is shown clamped. 

tracheal seal. The inner bronchial element is held in place with a rubber stopper 
coated with vinylite after it is seated, to prevent leakage of gases. The bronchial 
element has a larger lumen than Van Allen’s original cannula, to reduce the factor of 
obstruction. This element consists of two closely fitted tubes which are joined at the 
external end by a screw thread (figs, i and 2). By use of this thread the inner ends 
of the tubes can be separated or brought together. The outer sleeve has at its 
bronchial extremity four hinged petals, and the inner ends in a cone. When the 
inner tube is unscrewed the cone wedges the petals apart. These petals are covered 
with a rubber membrane to make an airtight seal with the wall of the bronchus. 

The bronchospirometric test was performed after the dogs were anesthetized 
with sodium pentobarbital, 35 mg/kg. intravenously. Under direct vision the in- 
strument was passed through the larynx until both tubes extended well into the 
trachea. A bronchoscopic light carrier was then introduced into the inner tube and 
the instrument was further advanced until the carina was visualized. The inner 
tube was made to enter the left main bronchus. The cannula was now fixed in place 
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by screwing the knob counter-clockwise, thereby opening the petals on the end. 
The rubber stopper was placed around the smaller tube, fitted snugly into the larger 
tube, and sealed off with vinylite. The tracheal bag was inflated and kept at ap- 
proximately 100 mm. of mercury under manometric control. 

Inspection of the cannula in siln at necropsy in a series of dogs demonstrated 
the utility of the instrument and the airtight seal at the left stem bronchus. To test 
for leaks around the inner end of the left bronchial cannula in living animals, a ‘smoke 
test’ was found useful. Cigarette smoke was blown into the left lung through the 
inner tube. Its failure to appear on the right side and maintenance of positive pres- 
sure after a few respirations was taken as evidence against the existence of a leak. 
When the absence of leaks was demonstrated each lung was connected to a recording 
spirometer. Any lag, inspiratory or expiratory, of one spirometer behind the other 
indicated partial obstruction and necessitated readjustment of the cannula. 


Fig. 2. CxosE-up OP THE Van Allen beonchial 
CANNULA IN OBLIQUE VIEW. Il shows the petals 
covered with rubber. Retraction secured by manipu- 
lating the screw thread shown in fig. i , of the pyramidal 
tip of the inner element spreads the petals and assures a 
tight connection with the lumen of the bronchus. 


Two Benedict-Roth spirometers were used, one for each lung, employing a closed- 
circuit with flutter valves and soda lime carbon dioxide absorber between expiratoiyr 
valve and spirometer. Both spirometers recorded simultaneously by means of 
inked pens on the same drum. 

Blood specimens were drawn in oiled syringes containing a minute quantity of 
heparin powder, mercury sealed and capped, and chilled immediately in water con- 
taining ice. Analyses of carbon dioxide and oxygen content and carbon monoxide 
capacity were determined manometrically according to the standard methods in 
Peters and Van Slyke (15). Gas samples were collected over mercury and analyzed 
in the Henderson-Haldane apparatus. 

PROCEDURE 

The oxygen uptake of the left lung and the oxygen content of the arterial blood 
were measured under the following conditions: 

I. Both lungs breathing air, 

11 . Left Inng breathing oxygen, right lung breathing air. 
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Fig. 3. A. Upper graph; Left lung, B. LowtR gr,u>ii: Right lung. Phase I at the left, 
phase II in center and phase III at right. 
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Fig. 4. A. Upper pair of graphs; gas transfer with both lungs breathing oxygen. B. Lower 
pair of graphs; gas absorption of left lung, while the right lung is cut off. At the end of this run 
oxygen is again admitted to the right lung. Five-minute runs. Kymograph at fast speed. 


III. Bolh hiugs hreathing oxygen. 

W. Left king breathing oxygen, right hmg blocked off. 

The conditions of the experiment can best be analyzed by reference to a specific 
example (figs. 3 and 4): 
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I. With cannula in place, the left lung is connected to a spirometer containing 
a measured volume of room air, between 750 and r,ooo cc. The right lung breathes 
from the room. The systemic arterial blood arriving in the left lung via the bronchial 
arteries has a relatively low oxygen content (15.3 vol. %) as sampled at the femoral 
arter3^ The range of 10 determinations in 6 dogs was 8.9 to 17. i volumes per cent, 
averaging 13.8 volumes per cent. The mean oxj^gen saturation in 7 determinations 
was 62.8 per cent. The low arterial oxygen content under these conditions is thought 
to be associated with respiratory depression and hydremia (5) and possibly with foci 
of pulmonary atelectasis resulting from the anesthesia together with the supine 
position of the animal. A considerable decrease in the gas volume of the spirometer 
takes place during the 20 minutes of the e.xperiment. This decrease is due in part to 
oxygen consumption, but also in part to the transfer of nitrogen from the spirometer 
as its tension rises-. 

II. \\^ien the air in the left spirometer is replaced with oxygen, respirations be- 
come slower and deeper. At the same time there is a more rapid absorption of oxy- 
gen (14.8 cc/min.) commensurate with a steeper oxygen tension gradient, and the 
arterial blood oxygen content in the present instance rises to 16.9 volumes per cent. 
The mean ox}’’gen content rose 1.9 volumes per cent and the mean O2 saturation from 
62:8 to 81.6 per cent in the same animal reported in phase I of the experiment. 
Under these circumstances the decrease in the gas content of the spirometer is due 
solely to absorption of o.xygen. Actually more oxygen is absorbed than is indicated 
by loss in volume, since diffusion of nitrogen now takes place from pulmonary capil- 
laries into the spirometer in amounts usually ranging between 100 and 200 cc. in 20 
minutes. (The average of 20 determinations was 156 cc/20 min.) 

III. With the left lung still breathing oxygen, the right lung is now supplied 
with almost pure oxygen from its spirometer. Under these circumstances, the ab- 
sorption from the left spirometer falls strikingly. The respiratory rate usually de- 
creases, and the depth of respirations increases. The blood now has an even greater 
oxygen content than can be accounted for by the hemoglobin content as determined 
by the carbon monoxide aipacity. In the present instance the ox3^gen content during 
phase in was 19.9 volumes per cent and the carbon monoxide capacity was 19.5 
volumes per cent. In 42 determinations the oxygen saturation in phase III was less 
than 100 per cent in only 6 instances. This high oxygen content is to be e.xpected 
from the absorption coefficient of the plasma. The plasma alone will dissolve as 
much as 2 volumes per cent of oxygen when in equilibrium with tensions of o.xygen in 
excess of 700 mm. Hg (16). 

The small uptake of oxygen when the bronchial arterial blood reaches the alveoli 
of the left lung results from the fact that it is already practically in equilibrium with 
the alveolar tension, having been exposed to an equivalent tension on the right side. 


* The composition of the gases at the end of 20 minutes was not determined in this particular 
experiment, but in another experiment under similar conditions (exper. 123; dog g) the analysis 
showed 13. 1 per cent oxygen and 86.9 per cent nitrogen at the end of this period. The total volume 
of gases absorbed by the left lung during the 20 minutes was 230 cc., but referring to the composition 
of the 119s cc. of gases in the spirometer at the beginning of the experiment, namely o.xygcn 20.9 
per cent, carbon dioxide o,i per cent, and nitrogen 79.0 per cent, it is apparent that only 124 cc. of 
oxygen had been absorbed while 105 cc. of nitrogen were being absorbed at the same time. Thus 
53-9 per cent of the gas absorption calculated from the spirometer record represented oxvcen. These 
calculations take into account the dead space in the spirometer system. 
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Some reduction in saturation occurs from admixture of desaturated venous blood 
which enters the pulmonary veins, or the left side of the heart via Thebesian chan- 
nels. We have repeatedly observed, in man, sizeable branches of the pulmonary 
vein which drain the posterior mediastinum. Some desaturated blood must also 
come from the walls of the bronchi and supporting structures of the lung. 

IV. In the last section of the experiment, after the control interval of 5 minutes 
with both sides breathing oxygen, and while the kymograph is moving at fast speed 
(fig. 4i4), the oxygen supply to the right lung is cut off for 5 minutes by clamping the 
rubber tubing inlet (fig. 4B). The oxygen content of the blood in the bronchial 
artery falls rapidly, approaching that of the mixed venous blood whose oxygen con- 
tent is rapidly diminishing. The conditions of maximal absorption of oxygen by the 
blood actually perfusing the alveolar capillaries of the left lung now obtain. In- 
spection of the kymogram (fig. 2) reveals that the respirations at once become deeper 
and that their rate increases, particularly toward the end of the 5-minute interval. 
It is also obvious that the tracing of the gas absorption now is a curve with an in- 
creasingly steep slope, while the tracings during the previous phases of the procedure 
were linear. It will be noted that during the previous phase of the procedure the 
animals have had time to approach nitrogen equilibrium with the gases in the spirom- 
eter. Thus, during the 5 minutes of phase IV, under the influence of the steep 
gradient between the high tension of O2 in the left spirometer and the deo.xygenated 
blood, the absorption curve represents uptake of oxygen unmodified by significant 
nitrogen transfer. 

The left lung becomes overexpanded as the right becomes increasingly atelectatic 
as indicated by the drop in the resting level of the left spirometer when the right lung 
is allowed to reexpand. Obviously the measurement of the oxygen absorbed must 
be referred to the resting level of the left spirometer after reexpansion of the right 
lung. Reexpansion occurs within the first few breaths after unclamping the right 
inlet tube. The right lung, however, may not reexpand quite to its former volume, 
introducing an error into the calculation of oxygen absorption b}'’ the left lung. In 
the present instance the oxygen absorbed from the left spirometer was 28.6 cc/minute. 

Towards the end of the 5-minute interval the animals as a rule become severely 
dyspneic, or even apneic in the case of those with the more recent ligations. The 
bronchial circulation of the left lung is insufficient to support life for more than a few 
minutes, even 21 months after ligation of the pulmonarj'^ artery. 

Oxygen Absorplion of the Lung in Relation to Time After Ligation of the Pnhnonnry 
Artery. When the oxygen supply of the intact right lung is interrupted (as in phase 
IV of the experiment just described), the ox}’^gen absorption of the left serves as a 
rough measure of tlie blood flowing through that lung. Analysis of the data, table 
I and figure 5, shows an upward trend as the time after ligation of the left pulmonary 
artery increases. Sixty-seven observations on 10 dogs are recorded. The trend line 
shown in figure i was established by a statistical analysis and is found to be highly 
significant (p less than .01). The slope of this line is indicated by the formula Y = 
17.16 -j- 1.69 X. 

Further consideration of the factors in the experiment is necessary for a proper 
interpretation of the data. The factor of atelectasis of the right lung during the ob- 
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Table i. Arterial blood O2 levels, and gas ottake and blow in bronchial arterv in lung 

mxii ligated pulmonary artery 


DOG NO. 

SURF. 
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Phase IV 

MINIMAL 

FLOW 

ESTIMATED 

FLOW 

CAS 1 
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Table i — Continued 
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Phase II: Right lung breathes room air, left lung O2 from spirometer. Phase III: Both 
lungs breathe O2 from spirometers. Phase IV: Right lung cut off, left lung breathes O2 from spi- 
rometer. 


Blood O2 (in femoral artery) given in vol.%. Gas uptake given in cc./min. 

In phase II gas uptake based on 20-minute test, except experiment 172 (based on 30 min.) 
and experiment 142 (based on 7 min.). In phase III, gas uptake based on 5- or 6-minute run. 











































May ig4g 


RESPIRATION AFTER PULMONARY ARTERY LIGATION 


325 


struction of its ainvay has already been mentioned as being in part responsible for 
the rising slope of the oxygen absorption line during phase IV (fig. afi). When the 
ainvay of the right lung is reestablished this lung tends to reexpand, but its reexpan- 
sion may not at once reach pre-occlusive levels. Thus the estimates of oxygen ab- 
sorption may be somewhat too high. The slope of the trend line, however, should 
not be disturbed by the factor of incomplete reexpansion of the right lung since this 
should be roughly the same from one determination to another. 




Figs. 5 {upper) and 6 {lower) 

A study of table i reveals that the oxygen absorption per minute during phase 11 
may in some instances exceed that of phase IV. This suggests that tliere may be a 
fall in cardiac output which offsets the effect of the steeper oxygen gradient. 

Calculation of the Effective Bronchial Arterial Blood Flow. By ‘effective’ flow is 
meant that flow taking part in the absorption of oxygen, i.e., the blood that reaches 
the capillaries of efficiently ventilated alveoli. Bruner and Schmidt ( 17 ) present 
evidence that in the dog, only about two-thirds of the blood in the ‘bronchial 
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arteries’ actually enters the lung. Following ligation of the pulmonar}^ arteiy there 
is added to the blood arriving via the main bronchial arteries blood from collateral 
channels. As demonstrated in anatomical studies (6), this includes branches from 
the enlarged esophageal and pericardiophrenic vessels. For convenience in dis- 
cussion, blood distributed to the alveoli from these channels is also included under 
‘Effective B.A.F.’. 

The Effective B.A.F. can be calculated from the following application of Fick’s 

principle: Effective B.A.F. = X 100, where a is the O2 absorbed in ml/min. 

in the left lung, c is the O2 content of blood leaving the alveoli of the left lung, and 
b the O2 content of the blood in the bronchial artery in volumes per cent. If it is 
assumed that b is the same as the O2 content of the blood in the femoral artery from 
which samples can conveniently be obtained, then the only undetermined element 
that remains is c. This may be assumed to be the same as the O2 content of the 
systemic arterial blood when both lungs are breathing O2, a value obtained by analy- 
sis in the immediatel}’- subsequent phase III of the experiment as has been described. 

Minimal Efcctive Flotv. The minimal effective flow can be calculated from data 
obtained during phase II of the experiment. By ‘minimal flow’ is meant that the 
effective blood flow is at least of the stated volume. During phase II the measured 
rise in the curve (fall in spirometer volume) represents the excess of o.xygen absorbed 
over nitrogen transferred into the spirometer, as has been stated. Under the condi- 
tions of the experiment, the volume of oxygen absorbed always exceeds that of the 
nitrogen delivered. This results from the fact that at any particular blood circula- 
tion rate, the absorption gradient for oxygen, which is determined largely by the un- 
saturated hemoglobin entering the capillaries of the alveoli, is greater than the secre- 
tion gradient for nitrogen which results from the difference in tensions of the nitrogen 
dissolved in the blood and that in the spirometer. As blood flow increases this dis- 
proportion is further displaced in favor of oxygen absorption. 

If the value ‘o’ for the formula is obtained from phase II, it therefore represents 
the minimal value for the rate of oj^gen absorption. Thus a ‘minimal effective 
bronchial arterial flow’ can be calculated. The data obtained from 60 observations 
on 10 dogs are plotted against time in figure 6. The successive observations on a 
single animal are connected by lines. Statistics obtained by summing results over 
all 10 dogs were used in the calculation of a best-fitting linear equation representing 
the regression of blood-flow on time. Analysis showed that linear regression ac- 
counted for a very significant percentage of the total variation (p <.oi). 

Effecl-ive Bronchial Arterial Floiv. To obtain an estimate of the true ‘effective 
bronchial arterial flow’ the oxygen actually absorbed was determined by analysis of 
the gases in the spirometer at the end of phase II. The flow was calculated from the 
formula given above. Nineteen observations were made on 10 dogs. These are 
summarized in table i. In 16 of the observations the flow exceeded 700 cc/MVmin., 
in 12 it was in excess of i 1 /MVmin., and in 4 it was greater than 1500 cc/M-/min. 
The highest estimated flow was 2233 cc/MVmin. 
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DISCUSSION 

The magnitude of the flows observed is surprising, especially in view of Bruner 
and Schmidt’s (17) studies of normal dogs with the bubble flow meter. They found 
that the flows did not exceed approximately 30 cc. per minute even under maximal 
vasodilation induced by drugs. The large variations in flow observed in the present 
determinations probabty depend in part on the depth of the sodium pentobarbital 
anesthesia. It is possible also, in some experiments, that, despite precautions, the 
tip of the bronchospirometric cannula may have been beyond the orifice of the left 
upper lobe bronchus. In Bruner and Schmidt’s experiments there was evidence of 
a striking rhytlimic vasomotor activity in the bronchial vessels of the relatively 
normal lung. Whether this may persist under the conditions of the present ex^aeri- 
ment is imknown. The mechanism of the remarkable expansion of the bronchial 
circulation that takes place after ligation of the pulmonary artery is not clear. Most 
of the increase in flow occurs within the first few weeks. Possibly the responsible 
factor is the fall in pressure within the capillary beds held in common by the two cir- 
culations when the flow in the pulmonary artery stops. Miller (12) has demonstrated 
these capillary beds to lie within the walls of the respiratory bronchioles. The direc- 
tion of flow in these elongated fine meshed capillaries may vary depending on the 
relative pressures in the terminals of the bronchial and pulmonary arteries (13). 
Under the present conditions blood from the bronchial vessels tends to perfuse the 
capillaries of the alveoli where transfer of gases is efficiently accomplished. 

Anatomical studies demonstrate also the opening up of easily visible pre-capillary 
anastomoses between the bronchial and pulmonary arteries. The reasons for their 
development are not clear. 

Once the bronchial arteries have increased in size, b}" whatever mechanism, it 
is not dfficult to understand why the)'' should carr}'' a large flow: the presumably low 
peripheral resistance in the lungs together with a high pressure at the source. Huge 
flows through enlarged bronchial arterial channels have also been observed in cases 
of congenital pulmonic stenosis (9). It is obvious, moreover, despite the absence of 
exact data, that the hydrostatic pressure in the capillaries of the lung supplied only 
by an expanded bronchial arterial circulation does not exceed the colloid osmotic 

pressure of the blood else the alveoli would filter like the glomeruli of the kidney. 

A part of the impact of systole in the bronchial arteries is cushioned by their large 
communications peripherally with tlie persistently patent sac-like branches of the 
pulmonary artery. 

SUXBIARY 

In the dog, a lung with a ligated pulmonary artery can maintain a respirator)'- 
function. The capacity of such a lung to absorb oxygen gradually increases over a 
period of months. When oxygen rather than air is supplied through a broncho- 
spirometric cannula, while the intact lung continues to breathe air, the oxygen con- 
tent of the arterial blood is found to rise. The effective flow in the bronchial arteries 
of such a lung increases with time after ligation, as measured by bronchospirometry 
and an application of the Pick principle. The increase in circulation is in step with 
the expansion of the vascular bed demonstrated in anatomical studies by the vinylite 
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method as reported elsewhere. After the fourth month witli the animal under sodium 
pentobarbital anesthesia, the flow usually exceeds i 1/MVmin. Tliis flow is largely 
a burden on tlie left heart whose output becomes roughly one-third greater tlian that 
of the right. A similar situation obtains in human disease, such as bronchiectasis 
or congenital pulmonic stenosis, where there is an extensive collateral circulation to 
the lungs. 

The writers wish to acknowledge their indebtedness to the late Dr. J. H. Watkins, and to 
Mr. E. K. Harris of tlie Department of Public Health, for the statistical analyses. 
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MYENTERIC REFLEX 

EMIL^>OZLER 

From the Department of Physiology, The Ohio State University 

COLUMBUS, OHIO 

T he question of an enteric nervous mechanism capable of independent reflex 
activity has been under investigation since Nothnagel (i) and Luederitz (2) 
first noted that stimulation of the gut usually produces a contraction orad 
but not caudad. Luederitz also observed that this response could still be obtained 
after denervation and, therefore, considered it to be due to a local reflex which later 
was called the myenteric reflex by Cannon (3). 

Although confirmed bj' Bayliss and Starling (4), partly also by Magnus (5) and Cannon (3, 6) 
recent investigators have cast doubt on the significance and even the existence of this reflex. In 
extensive studies on the rabbit, Alvarez (7, 8) could not find it. Ganter (9) and Rodin (10) and 
others failed to observe it in human subjects (cf. 7). Raiford and Mulinos (11, 12), on the other 
hand, demonstrated a reflex similar to the myenteric reflex in transplanted segments of the colon. 
They found that stroking the mucosa produced a contraction of the circular muscles above and of the 
longitudinal muscles below the stimulated region. Hukuhara (13) noted that pinching caiuscd a 
stronger muscular response orad than caudad. 

This question was reinvestigated using a variety of methods and preparations. The results 
obtained confirm the existence of an enteric reflex which involves a synaptic mechanism. It can be 
elicited by mild mechanical stimulation such as stroking the mucosa, or longitudinal stretching. 
These stimuli produced, on the oral side of the stimulated region, an augmentation of rhythmic 
activity or a prolonged powerful contraction with temporarj’ cessation of rhythmic movements. 
This response does not progress along the Intestine. 

As will be shown below, the reflex response varies considerably under different 
conditions. The only constant characteristic of the reflex is its polarity. Therefore, 
in the following, all responses which show this property will be called myenteric 
reflex. The question whether the reflex also involves a descending inhibition, as 
claimed by some authors, will be discussed later. 

In view of the simplicity of the experiments described below it may seem sur- 
prising that so much difiiculty has been encountered in demonstrating the essential 
facts concerning enteric reflexes. The variability in the responses obtained is partly 
due to the use of abnormal, crude stimuli by many investigators. Confusion has 
also been introduced by the term peristalsis. The myenteric reflex comes into play 
in the transport of a bolus. It is erroneous, however, to assume that every wave of 
contraction in smooth muscle is caused by the reflex. Simple waves of contraction, 
such as those of the stomach and ureter, are due to muscular conduction, whereas 
peristalsis caused by a bolus is a much more complex phenomenon (14). It is un- 
fortunate that the term peristalsis has been used to designate these two vastly dif- 
ferent types of activity. The term reflex peristalsis, therefore, has been proposed 
fcr the p eristaltic waves due to the myenteric reflex. 
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METHODS 

Anesthetized dogs (morphine, 3 mg/kg. subcutaneously and sodium barbital, 
200 mg/kg. intraperitoneally), and rabbits (sodium pento-barbital intravenously) 
were used. Short lengths of intestine were exposed and covered with dry cotton 
except during observation. The room was kept at a temperature of 27° or higher 
and was often humidified. Electric stiniuli were applied through platinum hand 
electrodes. Repetitive stimuli at a frequency of 20 to 50 shocks per second, supplied 
by a thyrotron stimulator discharging over a transformer, were used. 

Action potentials were recorded by the technique described previously (22). 
Monophasic potentials were obtained by placing one lead on a small mass of tissue 
firmly tied off by a silk thread, the other lead on another region at the same level 
(16). The resulting injury dirhinished spontaneous motility in this region but did 
not prevent the passage of a peristaltic wave. 

RESULTS 

Normal Siiimilns, In the dog’s intestine, lateral distension, produced by spread- 
ing a hemostat introduced into the lumen, increases the strength of the rhytlimic 
contractions on the oral side without any noticeable effect caudally. Usually, how- 
ever, a stronger response is elicited by stroking the mucosa with a blunt instrument 
introduced through a small opening. Stroking the serous surface on the other hand, 
is ineffective. It may be concluded, therefore, that specific receptors for the myen- 
teric reflex responding to mild mechanical stimulation are present in the mucosa. 

The response to stroking probably is important for the initiation of reflex peristalsis 
by the introduction of a bolus. That distension is not necessary is indicated by the 
fact that a bolus so small that it does not distend the wall of the relaxed intestine 
can elicit peristalsis. Futhermore, stroking the mucosa in the region of a bolus 
often starts a peristaltic wave under conditions where the responsiveness of the 
intestine is low. 

Curiously enough, in the rabbit’s small intestine, stroking the mucosa never 
elicits a response. Lateral distension is effective only in rather sensitive prepara- 
tions. However, longitudinal distension, gently performed by stretching a short 
piece of gut with the fingers, produces strong ascending contractions of the circular 
muscles without any effect on the aboral side (fig. i). In the upper part of the small 
intestine, the response may extend orad for 5 to 10 centimeters and may last for half 
a minute, whereas farther down in the intestine often only a brief contraction or 
none at all is produced by the stimulus. The contractions are often rhythmic, dif- 
fering from spontaneous activity only by the participation of the circular muscles, 
or they are single contractions lasting for as long as 20 seconds. 

The differences in the character of the effective stimulus in the preparations 
studied are probably related to the different consistency of the intestinal contents 
under normal conditions and may be considered an adaptation to the prevailing 
type of mechanical stimulus. 

That smooth muscle can also be stimulated directly by stretching has been shown 
by a study of action potentials in the ureter (17), but, since the response so elicited 
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has no polarity and consists of a single ali-or-none conducted impulse, it eyidently 

has no rols-tion to tlic niyontoric reflex. ^ i »• .* 

Efcct of Bcclrk SIhimlaliou. Luederita (2) reported that electric st.mula ion 
prodnid chiefly an ascending contraction in the rabbit’s intestine, but Alvarea el al. 



Fig. 2 


(7, 18) found the responses very variable, spreading, on the average of many obser- 
vations, slightly farther caudad than orad. 

In my own studies, the effects of electric stimulation varied in different parts 
of the intestine and under different conditions, but were reproducible. Strict polar- 
ity of the response was always observed in the proximal colon of the rabbit. Elec- 
tric stimulation of a small region in this part of the intestine increased the activity 
of the haustra, increased the tonus of the circular muscles and often caused rhythmic 
contractions of the longitudinal muscles orally, never on the other side (fig. 2A). 
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In most parts of the rabbit’s small intestine, electric stimulation can produce 
ascending and descending contractions. However, stimuli not more than 50 per 
cent above threshold always give strictly polar responses in all parts of the intestine 
(fig. 2B). Such weak stimuli are effective only after they have been applied for 5 
to 10 seconds, showing the importance of summation in this refle.v. 

Weak electric and mechanical stimulation produces strong ascending and de- 
scending contractions during the period of hyperexcitability following the cessation 
of circulation. Similar nonpolar responses which are produced by stretching and 
are abolished by low concentrations of nicotine were obtained in isolated intestine 
by Fleisch 

Whether the descending response to electric stimulation, which normally has a 
higher threshold than the ascending contraction, is a part of the myenteric reflex o 





Fig. 3 

belongs to some other reflex mechanism cannot be decided at present. It is possible 
that the,, polarity of the reflex is only relative, stimulation causing a quantitatively 
differenf effect orally and aborally. These considerations are important for the 
question of anti-peristalsis wliich will be discussed later. 

M^iscular Response. The character of the response varies in different prepara- 
tions and depends on the strength of stimulation. In the dog’s small intestine, 
stroking always increases the strength of the spontaneous contractions without 
changing their frequency. This agrees with the observations on peristalsis which, 
likewise, usually is rhythmic (14). 

Action potentials show a characteristic difference between duodenum and ileum. 
In the former, spikes are very prominent and have a high frequency, whereas, in the 
latter, the slow potentials (20-22) are very large. In the ileum of the rabbit the 
reflex responses always remain rhythmic, whereas in the duodenum the response to 
stretching may be sustained for 8 to 10 seconds (fig. 3). 
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Bayliss and Starling (4) and others (3, 13) observed that pinching the intestine 
usually produces a descending inhibition and tliat a wave of inhibition precedes 
peristaltic waves. Auer and Krueger (23) presented evidence for a wave of inhibi- 
tion preceding both peristalsis and anti-peristalsis in the colon of the rabbit. They 
based their conclusion mainly on the observ^ation that, if two peristaltic waves ap- 
proach each other, one or the other stops. This, however, is not a constant phenom- 
enon, because Alvarez (7) and I have observed strong and opposing contractions on 
both sides of a bolus. In my experiments, the colon usually was at complete rest, 
except for the region orad to the bolus, as indicated by the absence of action poten- 
tials. In the dog’s small intestine, electric activity and motility, as far as it could 
be observed visually, were not dinrinished ahead of a peristaltic wave. 

One may conclude from the literature on the subject that descending inhibition 
sometimes is associated with the myenteric reflex but that it is not a constant phe- 
nomenon, It is doubtful, therefore, whether it should be considered as a part of the 
myenteric reflex. 

The observations by Youmans, Meek and Herrin (24) perhaps have an important 
bearing on this problem. These authors found that distension can cause inhibition 
of the denervated intestine extending beyond the stimulated region. Although this 
effect does not seem to have any polarity, it might, under appropriate conditions, 
mask a descending excitatory effect or cause inhibition without suppressing the 
strong ascending contractions. Bayliss and Starling themselves report that pinching 
sometimes caused ascending as well as descending inhibition which agrees with the 
conclusion that inhibition is not polar and is not an essential part of the myenteric 
reflex. 

Coordination of Circular and Longitudinal Muscles, In reflex peristalsis the 
contractions on the caudal side of a bolus usually involve only the longitudinal mus- 
cles as indicated by the fact that they do not narrow the lumen, whereas the as- 
cending contractions constrict the intestine and cause elongation, showing that the 
contraction of the circular muscles is predominating. In agreement with these 
obser\'ations Raiford and Mulinos (ii, 12) found that stimulation of the colon of the 
dog caused contraction of the longitudinal muscles caudad, of the circular muscles 
orad. The studies of Auer and Krueger (23) on the colon of the rabbit also are es- 
sentially in agreement with these conclusions. 

To explain the observations just described it is not necessary to assume a sep- 
arate nervous control of the two muscle layers. Quite generally, during weak con- 
tractions, chiefly the longitudinal muscles are acth^e, producing a shortening of the 
intestine, whereas strong contractions produce elongation, evidently due to the 
greater strength of the circular muscles. The relation between the two muscle layers, 
therefore, may be explained on the assumption that the circular muscles have a higher 
threshold than the longitudinal muscles. It is possible, also, that the nervous ele- 

rnents responsible for the myenteric reflex make connection preferentially with the 
circular muscles. 

Mechanism of Conduction. The character of the response suggests that a nerv- 
ous mechanism conducting chiefly in an oral direction is involved. That muscular 
conduction cannot account for the effect of stimulation is confirmed by the obser- 



334 


EMIL BOZLER 


Volume I SI 


vation that the contractions often originate at some distance from the region stimu- 
lated. In the terminal ileum of the rabbit, strong contractions often first appear 2 
to 3 mm. orad to the stimulating electrodes and only later spread to the electrodes. 
In the duodenum, the contractions produced by longitudinal stretching often start 5 
to 10 cm. above the stimulated region (fig. xB). 

The principal question is the explanation of the polarity of the response, llai- 
ford and Mulinos have proposed that nerve fibers are running from the mucosa orad 
directly to the muscle fibers, thus representing an axon reflex arc. Since the effect 
of local stimulation extends for several centimeters, these nerve fibers must be as- 
sumed to be very long. If they had terminations on muscle fibers over their entire 
length, electric stimulation would be expected to produce a response orad as well as 
caudad. As shown above, however, the responses generally spread caudad less than 
a millimeter. Therefore, on the assumption of an axon reflex, it must be assumed, 
furthermore, that each fiber has motor endings only at one certain distance from the 
sensory endings. 

The polarity can be explained more readily by assuming a synaptic mechanism 
conducting preferentially in an oral direction. This possibility can be tested by the 
action of drugs. It is well-known that peristalsis of the intestine, in contrast to 
ordinary rhythmic activity, is abolished b)'’ the intravenous injection of small quan- 
tities of nicotine, an observation which has been considered as evidence for a sjmap- 
tic mechanism (4, 25). However, the effect of the drug cannot be interpreted with 
certainty in such experiments because the possible effects of the drug on receptors, 
synapses and the muscle has not been evaluated. 

In the present work, drugs were applied by placing narrow strips of cotton soaked 
in the solutions all around the intestine. Rabbits were used. Nicotine sulfate or 
pure nicotine in high concentrations, 1:1000 to 1:5000, produced strong ascending 
and descending contractions of the circular muscles. Following this response, which 
passed off in one to two minutes, the response to local stimulation did not spread 
beyond the nicotinized region (fig, i, 2). In concentrations of 1:10,000 to 1:20,000, 
nicotine usually blocked the spread of the response without first producing a con- 
traction. All of these effects were completely reversible. 

Atropine in concentrations as low as i : 10,000 and tetraethylammonium chloride 
as low as 1 : 1,500 blocked conduction like nicotine. It was unexpected that adrena- 
lin (i : 50,000 or higher) also blocked conduction in many animals. However, the 
minimal effective concentration of these drugs, while constant in one animal, varied 
considerably in different animals. In the least sensitive rabbits, 14 of a group of 26 
animals, adrenalm and tetraethylammonium chloride did not block completely at 
concentrations which were so high (1:10,000 and 1:500 resp.) that other effects of 
the drugs (vascular effects and local contractions) became prominent. This group 
was also less sensitive to the action of nicotine and atropine. 

Acetylcholme at the lowest effective concentrations produced a weak local con- 
traction, probably due to direct stimulation of the muscle. At slightly higher con- 
centrations (about 1:2000 for the duodenum, i: 10,000 for the lower ileum) only an 
ascending contraction occurred. Still higher concentrations abo gave a descending 
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response. These observations indicate that acetylcholine stimulates the muscle 
directly and indirectly through a nervous plexus. 

Since none of the drugs mentioned, even in concentrations much higher than 
those used here, stimulate or block nerve fibers, it may be concluded that the reflex 
responses mvolve a synaptic mechanism. Futhermore, because the block is sharply 
limited and because generally the response to stimulation does not spread caudad 
noticeably, the neurons involved in the reflex must be assumed to be short. 

Summation and Fatigue. The myenteric reflex has some of the characteristics 
of reflexes involving the central nervous system. Brief stimulation generally is in- 
effective, The weaker the stimuli the longer they have to be applied before a re- 
sponse appears. The importance of summation is strikingly illustrated by the re- 
sponses to weak electric stimuli described above. 

The reflex, furthermore, is subject to rapid and long-lasting fatigue. On con- 
tinuous stimulation, the reflex generally subsides within i minute, often within lo 
seconds. Following a strong response, stimulation is entirely ineffective for half a 
minute or longer. 

The importance of summation and fatigue is also evident from observations on 
peristalsis (14). The introduction of a bolus into the small intestine of the dog 
usually does not initiate a peristaltic wave immediately. It first produces a gradual 
increase of rhythmic activity on the oral side. A peristaltic wave begins only when 
the contractions are strong enough to propel the bolus. 

. COMMENTS 

The observations described here show that the myenteric reflex involves an 
enteric nervous plexus which conducts decrementally, chiefly in an oral direction. 
It consists of short neurons connected by synapses. Pharmacologically the synapses 
are similar to those of the autonomic nervous system, being blocked by nicotine and 
tetraethylammonium chloride and stimulated by acetylcholine. The blocking action 
of atropine and adrenalin is peculiar but Marrazzi (26, 27) has demonstrated a de- 
pressing action of these drugs on sympathetic ganglia. 

The relationship of the plexus responsible for the myenteric reflex to the autonomic 
system is uncertain. It appears improbable, however, that the plexus consists merely 
of post-ganglionic parasympathetic neurons because vagal stimulation never sets off 
as powerful a response as can be elicited by appropriate stimulation of the intestine. 

The polar character of the myenteric reflex explains why the peristaltic waves 
of the intestine generally travel only in an aboral direction. The reflex by itself, 
however, does not set up peristaltic waves as shown by the fact that the reflex re- 
sponse to local stimulation never progresses along the intestine and that such waves 
cannot be produced in the empty intestine. Their propagation is due to the contin- 
uous stimulation by the contents of the organ ivhich reinforces the muscular activity 
on tlie oral side, particularly that of the circular muscles. 

This tj^pe of peristalsis should not be confused with the peristaltic waves of the 
stomach and ureter. The waves of contraction of these organs are analogous to 
single impulses in cardiac muscle. They can be elicited by single electric shocks. 



336 EMIL BOZLER Volume 157 

They are all-or-none responses and are conducted equally well in both directions. 
These and other obser\'ations on the effect of electric currents and on action poten- 
tials (15, 20, 21, 22, 28) agree with the assumption that conduction is purely muscular. 
The fact that, in contrast with true peristaltic waves, conduction is not blocked by 
high concentrations of cocaine and nicotine (28, 29) leads to the same conclusion. 

Because the action potentials of the rhythmic contractions of the intestine arc 
essentially like those of the ureter and the stomach, it is evident that the individual 
contractions in all of these organs involve muscular conduction. The chief difference 
lies in the fact that in the intestine single contractions are generally conducted only 
for short distances, a condition which is largely due to the independent initiation of 
activity in many parts of the organ. Tiie peristaltic waves of the intestine can travel 
long distances but, as shown above, they are composed of a series of rhythmic con- 
tractions, each one travelling only a short distance. 

Some investigators have occasionally observed anti-peristalsis. It can be seen 
frequently in the rectum of the rabbit (23). In my own studies it was often seen in 
this organ, but only when the intestine was depressed, for instance after several 
peristaltic waves were induced in succession. Peristalsis, then, was weak. A wave 
often came to a standstill and a new wave started in the opposite direction. This 
pheiromenon indicates that the polarity of the enteric nervous system is not absolute. 
There is, in fact, some evidence indicating that impulses are conducted in this system 
also in a caudal direction and that the difference in tlie response to stimulation on 
both sides is purely quantitative. It is conceivable, therefore, that under certain 
conditions, for instance in fatigue, the effect on the caudal side predominates, thereby 
producing anti-peristalsis. 

Polarity has not been demonstrated in other visceral smooth muscles. It is 
true that in the ureter and stomach the waves of contraction normally travel in a 
caudal direction. For the ureter, probably also for the stomach, this obserA’^ation 
is explained by the fact that the upper end of the organ has the highest degree of 
autoraaticity, thereby acting as the pacemaker. 

SUMMARY 

Local stimulation of the intestine produces responses which sj^read considerably 
beyond the stimulated area. Under certain conditions the contraction is restricted 
to the oral side. Such polar responses, which are designated as the myenteric reflex, 
may consist merely of an increase in the strength of the rhythmic contractions or 
tliey may be more prolonged contractions, chiefly of the circular muscles. The most 
effective stimulus for the myenteric reflex is longitudinal stretching in the small 
intestine of the rabbit, stroking the mucosa in the small intestine of the dog. Ab- 
normal stimuli such as electric stimuli or pinching often produce ascending and 
descending contractions. However, electric stimulation always produces a strictlj" 
polar response in the proximal colon of the rabbit, and in other parts of the intestine 
if the stimuli are close to threshold. 

Nicotme in low concentrations applied locally prevents the spread of the response 
from the stimulated area. Local application of acetylcholine id minimal concentra- 
tions produces a polar response like that caused by appropriate mechanical or elec- 
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trical stimulation. It is concluded that a synaptic mechanism consisting of short 
neurons and conducting chiefly in an oral direction is involved in the myenteric 

reflex. ' : ' ; . ' . ‘ r < . I 

The results are in agreement with the conclusion that the spontaneous contrac- 
tions of the intestine are myogenic but are ordinarily conducted only for a short 
distance. The myenteric reflex increases this activity on the oral side and thereby 
propels the contents of the intestine. The reflex response by itself is not propagated. 
The peristaltic waves depend on the continuous stimulation by the contents of the 
intestine. . / ■ 
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KEFLEX PERISTALSIS OF THE INTESTINE 

EMIL BOZLER 

t^roin llic Department of Physiology, The Ohio Stale University 

COLUMBUS,, OHIO 

A SOLID object introduced into the intestine induces powerful contractions of 
the circular muscles which transport the object in an aboral direction. This 
response has been known for a long time (1-5). In the present paper it 
win be described in greater detail on the basis, of visual observations and records of 
action potentials. In a subsequent paper the underlying neuromuscular mechanism 
will be analyzed. 

MATERIAL AND METHODS 

The small intestine of the dog and the descending colon of the rabbit were used. 
Dogs were anesthetized with morphine (3 mg/kg. subcutaneously) and sodium bar- 
bital (200 mg/kg. intraperitoneally). The use of morphine in the dog is important 
because under the influence of barbiturates alone motility is weak and peristaltic 
waves can be elicited only after long delays. Also without morphine, any manipulation 
of the intestine, the introduction of the bolus itself, produces a further diminution of 
motility, a reflex which is not disturbing if morphine is given. Neither purgation 
nor denervation, as recommended by Bayliss and Starling, was necessar}^ Rabbits 
were anesthetized with sodium pentobarbital, injected intravenously. 

A piece of intestine about 6 cm. long was attached to a cork board by two pins, 
and longitudinal incisions were made at both ends. The board was rigidly clamped. 
For recording action potentials, the differentia], non-polarizable electrodes previously 
described (8) were used in most experiments. Because some difficulty was e.xperi- 
enced in preventing slipping during strong contractions, other types of electrodes 
were tried, but all gave essentiall}’^ the same type of records. For very strong 
contractions it proved best to sew fine silk threads on the intestinal wall and 
connect them to the non-polarizable electrodes. Metallic electrodes directly in con- 
tact with the tissue were unsuitable because they produced large movement artifacts. 
For recording, an oscillograph or a mechanical recorder driven by a d.c. amplifier was 
used. 

Varnished pieces of lead of different sizes were used as boluses. They were 
spindle-shaped, somewhat flattened on two sides so as to minimize the vertical move- 
ments of the intestinal wall during peristalsis. The experiments were carried out at 
a room temperature of 27° or higher. The air was often humidified. The exposed 
part of the intestine was covered with dry cotton e.\ccpt during observation. 

RESULTS 

According to previous descriptions a peristaltic wave is simply a strong contrac- 
tion traveling in an aboral direction. It was observed, however, that the response to 
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the introduction of a bolus is often rhytlimic and that it varies in different species 
and even in different parts of the intestine in the same species. I shall first describe 
peristalsis in the small intestine of the dog. 

After a bolus large enough to fill the lumen is introduced, the strength of the 
rhythmic contractions gradual!}'- increases on the oral side. Sometimes there is also 
some increase caudally, but always much less. The contractions usually originate 
around the posterior half of the bolus and travel from there orally. The activity on 
both sides of the bolus may be independent, but, as noted also by Hukuhara (3), 
waves of contraction originating on the oral side often travel over the bolus and beyond 
at a velocity of several centimeters per second. On the aboral side, the contractions 
are much weaker and do not involve the circular muscles. When the contractions 
on the oral side become strong enough to blanch the intestine, the bolus is pushed 
forward, each contraction transporting it for a short distance. The speed with which 
the bolus travels varies widely and increases, within limits, with the size of the bolus. 

The contractions causing the transport of the bolus have the same frequency 
as those of the empty intestine and differ from the latter only by their greater 
strength. The peristalsis, therefore, does not represent a single wave of contractions, 
but rather an advancing front of strong rhythmic activity. The term ‘peristaltic 
contraction,’ commonl}'- used for this form of activity, is not appropriate. 

In very active preparations, particularly in the ileum, a more powerful response 
than that just described is often obtained. The bolus may travel at a speed as high 
as one centimeter per second, driven forward by a single powerful wave of contrac- 
tion which sweeps over the whole piece of intestine under observation. In this type 
of peristalsis, a region of the intestine remains contracted for 10 to 20 seconds, and 
a piece of intestine 5 to 10 centimeters long is blanched at one time. There are, how- 
ever, all intermediate stages between these waves of contraction and the rhytlimic 
t}'pe of peristalsis described above. It seems unlikely, therefore, that any essential 
difference between these responses exists. Thus, the prolonged contractions may 
be considered as being due to a fusion of several contractions, a conclusion which is 
confirmed by the observations on action potentials described below. 

The peristalsis of the descending colon of the rabbit has been studied by Langley 
and Magnus (7) and, in greater detail, by Auer and Krueger (i). This part of the 
intestine, in contrast to the small intestine, is completely relaxed for long periods, 
but spontaneous strong contractions of variable duration may occur. A bolus, if 
it is large enough to distend the intestine, readily induces peristalsis. This response 
may consist of a series of brief contractions, but more often a single prolonged con- 
traction drives the bolus ahead. Observations by Auer and Krueger which have 
some bearing on the question of the neuromuscular mechanism of peristalsis will be 
discussed in a subsequent paper (8). 

^ Aclioii Polenlials. It has been shown (6, 8) that the potentials accompanying 
ordinary rhythmic acti-vity of the small intestine usually consist of a slow com- 
ponent, giving rise to R and T waves, and of brief spikes. The significance of this 
duality is not known but it was found that the strength of contraction is closely 
related to the magnitude and frequency of the spikes and has little relation to the 
size of the slow component. There are also marked and consistent differences be- 
tween species and even between different regions of the intestine in the same species. 
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Thus, in the dog, the slow component is much more prominent in the ileum than in 
the duodenum (fig. i). 

The approach of a peristaltic wave has no effect on tlie action potentials. No 
evidence for a wave of inhibition preceding the peristaltic wave, as described by the 
older investigators (2, 7), was found. As the bolus passes below the leads the spike 
dischatge generally increases and reaches its peak immediately oral to the bolus. 

In the duodenum of the dog the action potentials at the height of peristalsis 
differ from those of the empty intestine only by tlie strong and prolonged spike 
discharge (fig. i^). Although this activity may appear like a single prolonged con- 
traction, the spikes are always grouped into distinct bursts showing that it does not 
differ fundamentally from the ordinary'- rhythmic activity of the intestine, in agree- 
ment with the conclusion already reached on the basis of other observations. 





Lk 






Fig. I 


In the terminal ileum, on the other hand, the spike discharge does not increase 
markedly during peristalsis (fig. iB, C, D). Most surprising of all is the finding 
that no regular potential changes are present during the strongest contractions which 
cause intense blanching and last from 10 to 20 seconds (fig. iD). Because this phe- 
nomenon was observed in dozens of cases using different types of leads, including 
threads sewn on the muscle, and because it never occurred in the duodenum, it seems 
unlikely that failure of the recording mechanism could be responsible for this unex- 
pected result. Also various gradations from the complete absence of regular poten- 
tials to slow, but regular R and T waves, and complexes with spikes were observed. 
The absence of potential changes durmg sustained contraction shows that the muscle 
can remain in a continuous state of activity for rather long periods of time so that 
no external potential differences are present, a situation similar to that during the 
iso-electric phase of the electrocardiogram and of the action potentials of many 
visceral smooth muscles. 
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During the spontaneous contractions of the rectum of the rabbit, brief bursts 
of spikes wliich seem to be superimposed on slower rhythmic potential changes, are 
discharged at regular intervals (fig. 2A). The frequency of the bursts is about one 
per second but increases with the strength of contraction. During the periods of 
rest, no potential changes can be detected, but small slow potential waves of the 
same frequency as the bursts often precede a discharge. The peristaltic waves are 
accompanied by the same t5rpe of action potentials as those of the empty organ but 
the frequency of the bursts may be as high as two per second at the beginning of the 
contraction, declining gradually later on (fig. 2B, C). 
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Fig. 2 

COMMENTS 

Since peristalsis usually is a rhytlimic form of activit}", it is evident that it is 
not comparable to the peristaltic contractions of the stomach and ureter. The lat- 
ter are all or none conducted and correspond to the individual contractions which 
make up the peristaltic waves of the intestine. TJiis difference is confirmed by ob- 
ser\’-ations on the action of drugs which will be discussed in a subsequent paper (8). 
The results obtained suggest that the peristaltic waves of the intestine involve a 
synaptic reflex mechanism whereas there is no evidence for any participation of 
nervous elements in the individual contractions of the ureter and stomach. The 
first of these types of activity, to distinguish it from simple waves of contraction, 

may appropriately be called reflex peristalsis because it involves a nervous mecha- 
nism. 

The differences in the responses of the intestine in different species and in different 
parts of the digestive tract are remarkable but they do not necessarily indicate any 
undamental differences m the underlying mechanisms. They also emphasize the 
importance of carrying out investigations on more than one type of preparation. 

SUJttl.'tRY 

In the duodenum of the dog the introduction of a bolus strongly increases the 
reng r of the rhythmic contractions on the oral side, with little or no effect caudally 
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This activity differs from spontaneous contractions only by their greater strength 
and participation of the circular muscles. In strong peristalsis a single powerful 
and prolonged contraction sweeps over the intestine. The latter type of response 
is seen frequently in the rectum of the rabbit and terminal ileum of the dog, less often 
in the duodenum of the dog. Since all gradations between these responses can be 
observed, the prolonged contractions ma)'^ be considered as the result of a fpsion be- 
tween several rhythmic contractions. This view is confirmed by a study of action 
potentials which differ usually from ordinary rhythmic contractions only by the 
greater strength of the spike discharge. However, in the ileum of the dog, no regu- 
lar action potentials were observed during the strongest peristaltic waves, indicating 
a prolonged and continuous state of activity. 

(-3 
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MEASUREMENTS OF HEART OUTPUT BY 
ELECTROKYMOGRAPHY' 

GORDON C. RING, MIRIAM BALABAN and M. J.'OPPENHEIMER 
From the Department of Physiology ^ Temple University Medical School 

PHILADELPHIA, PENNSYLVANIA 

A SIMPLE method for accurately measuring heart output is greatly needed 
but up to the present time, no completely acceptable procedure has been 
found. The ballistocardiograph is simple and requires veiy little coopera- 
tion from the subject. Many, however, do not consider it reliable (i, 2, 3). Roent- 
genkymography (4-7) is another simple method but the subjective errors in measuring 
the x-ray plates may be very large— perhaps as much as 1 2 per cent. Electrokymog- 
raphy avoids the subjective errors of measurement since its records are sharp. 
Furthermore, the amplitude of the movements of the heart borders may be greatly 
amplified. One cannot decide at the present time whether this method will prove to 
be as good as or better than ballistocardiography or roentgenkymography. In devel- 
oping this procedure, we have compared it with ballistocardiography. 

METHOD 

The top of a fluoroscopic table has been removed from its base and supported 
by 4 vertical springs. This provides a ballistic table similar to the one described by 
Nickerson, Warren and Brennan (8). Movements of the table top are recorded by 
means of a light beam reflected from a pivoted mirror onto bromide paper. Using 
the same camera, the movements of the string galvanometer activated by the elec- 
trokymograph (9) are simultaneously recorded. The electrok3mograph head is pro- 
vided with an opening 3 cm. in diameter through which x-rays .can pass to excite a 
fluorescen t screen. A wafer grid, attached beneath this screen, eliminates the effects 
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of scattered x-rays. Enclosed in the same housing and 4 cm. above the wafer grid 
is the 931-A photomultiplier tube (fig. i). Beneath the top of the table, a solenoid 
is arranged to swing pressdwood (6 mm. thick) into and out of the x-ray beam. This 
is used to calibrate the movements of the heart recorded by the electrokymograph 
(see fig. 2). For measuring the thickness of the heart, a phantom of pressdwood 
5 cm. thick is provided. 




Fig. 2 


j^,„^^he principles involved in the method used are best described by an example. 
When water is placed between the x-ray tube and the electrokymograph head, the 
amount of x-ray transmittance is indicated by the response of the string galvanometer 
resulting from moving the calibrator into the x-ray beam. The greater the depth of 
water the less the transmittance of x-rays and the smaller the calibrating response. 
As would be expected, a graph of these responses on semi-logarithmic paper gives a 
straight line (fig. 3). Thus, by means of the responses produced by the calibrator, 
one can measure any changes in the thickness of the water. Since muscle and blood 
absorb nearly the same amount of x-rays as water, it follows that one should be able 
to measure the dorso-ventral thickness of the heart by the method described above. 
First one calibrates with the electrokymographic (EKIY) head over the ventricular 
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shadow. The head is then moved to the right of the spine shadow over chest walls 
and lungs only arid the calibrations are repeated. In most cases, the transmittance 
of x-rays is so large when the heart is not in the field that the phantom for the heart 
(see above) must be placed between the x-ray tube and the subject. This absorbs 
x-rays to about the same extent as the heart. To determine the thickness of the 
heart, the points along the line on figure 3 which correspond to the calibrating re- 
sponses over the heart on the left and over the chest and phantom on the right are 
found and the thickness of water to which these correspond is noted. Then, since 
the pressdwood of the phantom absorbs x-rays to the same extent as water or blood, 
its thickness (5 cm.) is added to that determined from figure 3. This gives the sys- 
tolic thickness of the heart. 


7 b* 

60 * 

50 * 




i 3 4 b i 

Depth Of Water In Centimeters 

Fig. 3 


When the EKY head is over the ventricles, it records the antero-posterior move- 
ments of the ventricular walls. If the calibrations are timed so as to occur at the end 
■of systole, then they cause the string to move toward the position it takes during di- 
astole. When the antero-posterior movements are small, a cahbration will move the 
string beyond its diastolic position and with large ventricular movements, the calibra- 
tion will not quite return the string to the diastolic level. In figure 2, the calibrations 
are shown for every other beat. The amplitude of the cardiac record is 1.06 times 
that of a calibration. Since a calibration corresponds to the x-ray absorption of 
0.625 cm. of water, the change in AP thickness of the heart amounts to 0.66 cm. For 
small diSerences a linear relation between the calibrating response and the change in 
AP thickness may be assumed. For larger differences, it should be remembered that 
this is a logarithmic function. 
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The procedure followed in these experiments is as follows: The subject lies on the 
table with his feet firmly against the foot board. He is then told to take a deep 
breath and with fluoroscopic guidance, the EKY head is placed over the heart 
shadow and slightly nearer the apex than the base. Care is taken not to have any 
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! 84 

— II 

LON 

8.00 

7-47 

100 

103 

- 3 

RIC 

6.01 

S.17 

115 

in 

+ 4 


6.22 

5-35 

123 

nS 

+ 5 

CBA 

6.43 

5.66 ' 

113 

100 

+13 

EVA , B . R . 

7-73 

7.1s 

106 

86 

+ 22 , 

FIE 

7 -S 4 

6.99 

93 

74 

+32 


1 DiSerence beU-een EKY and BCG results. 


part of the head over the spine shadow. The amplification in tlie galvanometer cir- 
cuit is adjusted to give a suitable record. After this the subject is allowed to breathe 
until the rate returns to normal. The subject is tlien instructed to take a deep breath 
and hold it while the ballistocardiograms and EKY densograms are simultaneously 
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recorded. The experimenter constantly watches the shadow of the galvanometer 
string and puts in a calibration at the end of every other systole. He records 2 strips 
•of about 30 beats each during breath holding. Then the head is moved about 5 mm. 
away from what was judged to be the ideal position for recording. The purpose of 
this is to see whether the densograms recorded in the second position differ from those 
obtained first. A series of responses to calibrations over the chest walls and lungs to 
the right of spine is next recorded as indicated above. From this result and the cali- 
brations over the heart the antero-posterior thickness of the heart is determined. 

The x-ray tube was operated at 80 kv. and 2| ma. This produced 8 r per minute 
nt the patient’s skin. The exposure in the area under the heart averaged 3 minutes 
and on the right side of the chest minutes. Since the x-rays were coned down as 
soon as the head was properly placed, the total exposure of any skin area was very 

Men X 



Fig. 4 


small; therefore, frequent repetition of the procedure is possible without appreciable 
harm to the patient. 

RESULTS 

In table i is shown the thickness of the heart of each subject (medical students 
and nurses) in systole and diastole. These figures are a measure of the average thick- 
ness of that portion of the heart under the electrokymograph head. The measure- 
ments made from lateral roentgenograms would be larger than these, for then one is 
measuring from the right side of the heart which gives the ventral contour to the left 
side which makes up the dorsal contour. The thickness measured at any point on 
the anterior surface to a point directly posterior would be less than the figure obtained 
from such roentgenograms (10). 

That our results are consistent with those determined from measurements of 
x-ray shadows is shown by figure 4. For this graph the heart shadow on a photofluo- 
Tographic (PF) film has been enlarged to full size and the long diardeter measured. 
One would expect considerable scatter in the results since these films were taken 
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sometime before the electrokymograph records and are not entirely satisfactory for 
measuring heart size. The results, nevertheless, do show a consistent trend. 

To calculate the stroke volume (S.V.) from observations using the EKY, we have 
developed a formula which would give the best fit with the ballistocardiographic re- 
sults. This formula is S.V, = 12.2 ("P diast, — P syst.) where T is the antero- 
posterior thickness as measured with the eIectrok3ntnograph. If the heart were a 


Table 2. The antero-posterior density change per CtVlibpjvtion 



POSITION 1 

POSITION 2 

AV, 

% DEVIATION 

Women 

CAN 

•50 

•SI 

■S °5 

I 

SEE 

.98 

1.03 

1,005 

2 

WVR 

1,12 

1.27 

I-I 95 

7 

SPI 

1,04 

1.03 

1-035 

I 

TAY 

.70 

-60 

.65 1 

8 

ROU 

.86 

•87 

.865 

I 

RAM 

•93 

I.I 2 

1.025 

S 

VIT 

1.07 

1.08 

I. 07 S 

I 

WEB 

i *99 

.92 

.955 

4 - 

Men 

CAR 

1.28 

1.40 

1.34 

4 

PIN 

1.29 

I- 3 S 

1.32 

2 

COO 

1.06 

1.02 

1.04 

2 

TRU 

,87 

.84 

.855 

2 

RUS 

.84 

.76 

.80 

s 

SOU ! 

.82 

.82 

.82 

0 

SEE ' 

•45 

.48 

.465 

3 

STE 

I- 5 I 

1.66 

1.58s 

! 5 

PAU 

•59 

•75 

.67 

12 

MIL 

.87 

.86 

.865 

1 

MVS 

• 94 

.77 

•855 

10 

MYE 

.82 

•73 

•775 

6 

LON 

.90 

.78 

.84 

7 

POW 

1.04 

1.24 

1.14 

9 

RIC 

I- 3 S 

1,40 

1-375 

2 

FRI 

.91 

.96 

•935 

3 

CEA 

i.a6 

1. 18 

1.22 

3 

EVA 

•97 

.86 

•915 

6 

FIE 

.88 

.88 

.88 

0 

FLA 

•92 

.87 

•895 

3 

DEA 

.88 

•93 

•90s 

3 

CUT 

1. 17 

1.22 

I- 19s 

2 


sphere in systole and diastole and if one were measuring the true diameter, then the 
exponent for T should be 3. Neither of the above premises is correct, and it turns out 
that our best fit is obtained using the exponent 2. 

One questions whether the electrokymographic records are reproducible. To 
test this, we have moved the head away from the position considered most satisfac- 
tory. In table 2, the results are shown. The differences are not in every case due 
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entirely to change in position of the head. In a number of subjects, the output of the 
heart changed and accounted for part of the difference. Furthermore, in some sub- 
jects the calibrations were not placed so that they always included the end of systole. 
Thus, there were occasionally too few calibrations to give a reliable average. An 
automatic device to calibrate at the proper time would, we feel, reduce the differences 
shown in this series, whicli now average 4 per cent. 

The position of the heart within the chest changes during each systole and one 
must consider whether this has an important effect on the records, \Vhen recording 
the movements of the lateral borders of the heart, positional changes play a large part 
in the results obtained. With the EKY head placed at about the middle of the ven- 
tricular shadow, the positional movements have far less effect though the rotation of 
the heart to the right probably means that more of both the right and left ventricles 
come under the EKY head. Furthermore, the base of the heart moves toward the 
apex during contraction. Thus, the recorded movement may well be less than the 
antero-posterior change in thickness of the heart at any point on its surface. 

Another source of the diflficulty is the chest calibrations. It is impossible to be 
sure that the EKY head covers the same amount of the shadow of ribs, muscle and 
lungs on the right and on the left. Nevertheless, this does not seem to result in any 
large error. In each subject we have made chest calibrations in 2 positions. One 
is a centimeter cephalad of the other. In our calculations of output we have averaged 
these calibrations. If instead one uses one of the extremes the maximal difference 
in output is found to be 3 per cent. In most cases it averaged less than i per cent. 

The differences between our results and those obtained using the baUistocardio- 
graph are small (table i). Eighty per cent of the EKY results differ from ballistic 
calculations by less than 20 per cent. The ballistic method checks with the Fick (8) 
no better than this. Therefore, it is possible that the EKY gives results as good as or 
better than the ballistocardiograph. The real test of the method will come when it 
is checked against the Fick or the Stewart method, 

DISCUSSION 

The strokes given in table i were not obtained under basal conditions. The sub- 
jects were not post absorptive, had not rested for half an hour before the observations 
were begun, and furthermore the stroke of the heart was affected by suspension of 
respiration. In this preliminary work, we w'ere interested only in comparing the 
output by tire two methods. If our method proves satisfactory, it can be adapted 
to basal conditions and in many individuals will not require breath holding. 

One may question vdiether the EKY head is over the ventricles only and is there- 
fore recording their movements alone. If the subject were standing, the left atrium 
would extend so far downward that a part of it would probably lie between the x-ray 
tube and the EKY head. With subject supine, the apex drops far enough so that the 
atrium probably does not intercept the x-rays activating the EKY. Even if part of 
the x-ray beam is intercepted by the left atrium, the movement of the base of the 
heart toward tlie apex during ejection elongates the atria and may balance out any 
egect on antero-posterior thickness of these chambers which is produced by the 
entrance of blood (12). 
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We are now recording densograms with the subject in the left lateral position as 
well as supine. In the lateral position the apex probably moves downward enough 
so that here also the atria do not interfere with the ventricular recording. With 
measurements of movements and thickness in two dimensions, tlie accuracy of the 
methods is increased. Furthermore it is probable that we shall be able to calculate 
heart size from these records. If so, another means of determining the importance 
of Starling’s Law in the human heart will be available; for evidence in dogs see (ii). 

A well nourished ventricle, working against a normal arterial pressure and receiv- 
ing an adequate venous inflow, contracts considerably during ejection of blood. On 
the other hand, a ventricle which is in poor condition is able to contract very little 
and must dilate to maintain an adequate output. In a group of healthy individuals, 
if athletes with thick walled ventricles w'ere omitted, we might also And that those 
whose hearts were large for the size of their bodies, had ventricles which contracted 

g Men X 

^10- U)MEN0 

o 

uu 

19 - 


^8- 



Surface Area 

Fig. s 


little during ejection of blood. To test this, the systolic thickness of the heart of each 
of our subjects was plotted against his surface area (fig. 5). A line w^as then drawn 
on this graph which showed the average thickness of the heart for persons of any size. 
From this graph and the AP thickness of each person’s heart, the per cent of predicted 
heart size was calculated. Those whose hearts were 80 to 90 per cent of the predicted 
size showed an average change in thickness during systole of 11.2 per cent; hearts 90 
to 100 per cent of normal size showed a change of 9.3 per cent; those 100 to no per 
cent of normal showed an 8.6 per cent change and those no to 120 percent of normal 
showed an 8.0 change. Thus, the size of a heart and its ability to contract are re- 
lated. The results suggest that change in thickness of the heart with ejection may 
be a measure of cardiac condition. 


CONCXTJSIONS 

A method for measuring the output of the heart using the EKY has been de- 
scribed. 
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This method gives a measure of the AP thickness of the heart both in systole and 
diastole (see table i). 

An inverse relation between thickness of the heart and its contractile power is 
suggested from these observations. 

We wish to express our thanks to Doctor George C. Henny and Doctor Robert R. Newell of the 
Department of Radiology, Stanford University Hospital, San Francisco, Calif., who offered sug- 
gestions during the carrj'ing out of these experiments. 
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AN EVALUATION OF THE CAKDIOVASCULAR EFFECTS 
OF CERTAIN DRUGS IN HYPOTENSIVE DOGS' 

R. A. HUGGINS, C. A. HANDLEY and M. La FORGE 
From the Department of Pharmacology, Baylor University College of Medicine 

HOUSTON, TEXAS 

N umerous attempts have been made to find drugs that would be beneficial 
in the treatment of hypotensive states and ‘shock’ (1-4). The majority 
of studies have been confined to the effects of various pressor agents on 
arterial and venous pressures or on sur\fival time. As Frank cl al. (i) have stated, 
“it has been assumed that with an increased arterial pressure resulting from vasocon- 
striction there is a redistribution of blood through the critical circuits.” Measuring 
the effects on arterial pressure caused by a particular drug gives no information on 
whether or not blood is being distributed to critical circuits, since variations in arterial 
pressure are reflections of the summation of changes in the peripheral vascular bed 
(vasoconstriction or vasodilatation) and cardiac output. For example, if a given 
drug produces an increase in arterial pressure and an increase in cardiac output, \vith 
a decreased total peripheral resistance (peripheral vasodilatation), the efliciency of 
such a drug in effecting satisfactory circulation to vital organs of the body can be 
assumed to be higher than one which produces an increase in blood pressure due to an 
increase in total peripheral resistance (peripheral vasoconstriction) alone. 

With these concepts in mind the effects of Aranthol (2-methylamino-6-hydroxy-6 
methyl heptane 2-methylamino iso-octanol), Oenethyl (2-methylammo heptane), 
epinephrine, amphetamine and theophylline on cardiac output, total peripheral resist- 
ance (T.P.R.), as well as mean blood pressure were examined in hj^iotensive dogs. 

METHODS 

Dogs anesthetized with 300 mg/kg. of sodium barbital were bled rapidly from a 
femoral arterj’’ until the mean blood pressiure was approximately 50 irun. Hg, as deter- 
mined by a mercury manometer in the other femoral artery. They were maintained 
at this level for about 90 minutes with additional bleeding or infusion of blood as 
needed. Usually the blood pressure stabilized within 15 to 30 minutes after the 
initial bleeding. The drug to be tested was given intravenously at the end of the 90- 
minute period and cardiac outputs determined for a varying length of time, usually 
120 minutes. At the end of the experiment the dogs were transfused to determine 
whether or not irreversible shock had been precipitated. Dogs found to be in the 
irreversible stage are not included in this report. 

Cardiac outputs were determined from pressure pulses obtained from the right 
carotid artery by the method of Hamilton and Remington (5). This method has 

Received for publication February 28, 1949. 

^ This investigation was aided by a grant from Bilhuber-Knoll Corporation. The theophylline 
was supplied by The G. D. Searle Company. 
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been found to give satisfactory results when compared to the direct Fick method (6). 
Total peripheral resistance was calculated by the formula (7) 

TPR = ^ _ dynes sec. . 

C.O./sec. cm® 

The figures given for cardiac output are expressed in percentages of values at the 
end of the hypotensive period or values immediately before a drug was administered. 

RESULTS 

The effect of Aranthol was observed in 12 h3rpotensive dogs. A smgle dose of 10 
mg/kg. consistently produced a prompt and prolonged increase in cardiac output (fig. 
i). The average increase in cardiac output was about 20 per cent and the duration 
of action from 85 to 240 mmutes. Changes in T.P.R., mean pressure, and heart rate 
are illustrated in figure i. In the hypotensive dog 20 mg/kg. appears to produce a 
maximal increase in cardiac output. Further doses then fail to produce any detect- 
able change until the output begins to fall. When this occurs Aranthol will again 
augment the output. 


Tabue 1. Ebbects ou cardiac output 


DRUG 

AVERAGE % CHANGE 
EEOil END or 
EEiSOR&EAGE 

AVERAGE DURATION or 
ACTION, iON. 

Aranthol 

4*21 

120 

Oenethyl 

+ 15 

60 

Epinephrine 

-1-20 

3 

Amphetamine 

+ 10 

120 

Theophylline 

-35 

60 


■ Oenethyl (10 dogs) in a dosage range of 2.5 to 10 mg/kg. increases the cardiac 
output, but the effect is more irregular and less prolonged than with Aranthol. The 
mean pressure change is variable and the T.P.R. decreases. Successive doses of 
Oenethyl evoke decreasing responses from the cardiovascular system. 

The administration of amphetamine (7 dogs) in doses of 1 to 5 mg/kg. produced 
an average increase in cardiac output of 10 per cent for the 120-minute period. A 
small but consistent fall in mean pressure was observed, and the T.P.R. fell below the 
h3^otensive level after an initial steep rise (fig. 2). 

Theophylline (8 dogs), 5 mg/kg., characteristically produced a considerable de- 
crease in cardiac output, a drop in mean pressure and a small increase in T.P.R. 

A prompt and marked rise in cardiac output, T.P.R,, mean pressure and heart 
rate occurs when epinephrine, 0.05 mg/kg., is administered. The duration of these 
effects is brief, usually less than 5 minutes. 

DISCUSSION 

The cardiac output in hypotensive dogs was increased by Aranthol, Oenethyl 
epinephrine, and amphetamine. The comparative effects of these drugs on cardiac 
output are presented in table i. As one would anticipate, the duration of action of 
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epinephrine is transitory. Theophylline produced a decrease in cardiac output of 
such magnitude as to result in a fall in mean pressure despite an increase (slight) in 

T.P.R. 

Amphetamine, after a latent period of about 5 minutes, increased cardiac output 
appreciably. However, there is always a prelhninary decrease below the hypotensive 
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level, and further, the mean pressure for 15 to 30 minutes after the injection 
of amphetamine falls to a very dangerous level. It is of interest to note that the effect 



of amphetamine in the hypotensive dog is the direct opposite of that expected from 
results on normal dogs. 

Oenethyl produces a significant and prolonged increase in cardiac output, but the 
increase is more erratic than that produced by Aranthol. Also, successive doses have 
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a decreasing effect on output. As Jackson (8) and Ahlquist (9) have shown tachy- 
phylaxis occurs, limiting the usefulness to the first dose. 

Aranthol has been reported (10-12) to cause a marked and prolonged increase in 
force of contraction and heart rate with an increase in blood pressure. In the hypo- 
tensive dog there is a marked increase in cardiac output which is associated with a de- 
crease or only slight increase in T.P.R. Therefore, the improved circulatory 
dynamics appear to be largely cardiac in origin, and with no peripheral vasoconstric- 
tion; the improved circulatory efficiency should be reflected throughout the vascular 
system. The onset of the effects of Aranthol are almost immediate and the duration 
of its action is prolonged. The properties suggest that Aranthol might be of value in 
the treatment of hypotensive conditions. 

The data on the duration of systole and diastole yielded little pertinent informa- 
tion. In about 60 per cent of the dogs, during hemorrhage, a marked increase in the 
length of diastole and decrease in systolic (figs, i and 2) duration occurred. 

SUMMARY 

Aranthol, Oenethyl, epinephrine, amphetamine and theophylline were adnainis- 
tered intravenously’' in varying doses to dogs rendered hy’potensive by bleeding to 50 
mm. Hg for 90 minutes. Data on the effects of these drugs on total peripheral resist- 
ance, cardiac output, mean pressure, heart rate and the duration of systole and dias- 
tole are presented. Aranthol, Oenethyl, amphetamine and epinephrine increase the 
cardiac output in hypotensive dogs, while theophylline consistently reduces the out- 
put. The effects of Aranthol and Oenethyl are greater and more sustained than any 
of the other drugs tested. Oenethyl produces a more erratic response and, in addi- 
tion, tachyphylaxis occurs which is not apparent with Aranthol. 
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EXCRETION OF SOLUTES AND OSMOTIC WORK OF THE 
‘RESTING’ KIDNEY OF HYDROPENIC MAN 

S. RAPOPORT, WILLIAM A. BRODSKY and CLARK D. WEST 

From the Children’s Hospital Research Foundation and the Department of Pediatrics, 
University of Cincinnati, College of Medicine 

CINCINNATI, OHIO 

T he energy requirement for the production of urine was a subject of great 
interest to the early workers in renal physiology. In the absence of exact 
knowledge of the path of urine production, and of the intermediate processes 
of renal metabolism, they were led to consider first the thermodynamically necessary 
work required to produce the differences in solute concentration between plasma and 
urine (i, 2). On the basis of general principles of thermodynamics and the gas laws 
the formula was derived 

W = RT V (UlnU/P + P - U) (j) 

where W indicates the work, R is the gas constant, T the absolute temperature, U 
the urinary and P the plasma concentration of a solute and V is the urinary flow. 
(See also Newburgh, 3.) The work value thus derived refers to the idealized process 
of urine formation conducted in a thermodynamically reversible manner, without 
energy losses due to back diffusion, heat production, metabolic side processes or 
irreversible reactions, in short at 100 per cent eflSciency. It represents the theoret- 
ical minimal work necessary to produce urine. It was pointed out by Rhorer (2), 
that this work consisted not alone in producing from plasma a fluid of differing total 
osmolarity, but that the concentrations of each individual solute had to be considered. 
Later, Borsook and Winegarden (4) calculated in a more exact manner than preced- 
ing workers the theoretical osmotic work of urine production. Most recently New- 
burgh has presented a discussion of changes which tend to reduce the renal osmotic 
work. Obviously there are two theoretical minima for renal work: i) if urine and 
plasma are of the same composition, in which case no osmotic work (but still filtra- 
tion work) need be done; and 2) if urine excretion ceases. Newburgh (3) pointed 
out that changes in disease, such as increases of blood urea, tended to decrease the 
osmotic work required to clear the body of a given quantity of solute. 

As part of a general inquiry into the osmotic limitations of the kidney it appeared 
of interest to investigate experunentally the renal work during hydropenia and os- 
motic diuresis. The following questions, among others, were posed: Is there an 
over-all maximu m of renal osmotic work during hydropenia and forced diuresis? If 
so, is it the same for loading with different solutes? Under what conditions of urine 
flow does such a maximum occur? Is there any relation between urine osmolarity 
and renal osmotic work performed or the work capacity? The present communica- 
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tion deals with the pattern of solute excretion and the renal osmotic work of hydro- 
penic man, under ‘resting’ conditions, i.e., without solute loading. 

METHOPS 

The subjects ^Yere boys 8 to 15 years of age witli normal renal function and without major dis- 
ease. They were fasting and had received no water for 16 hours prior to c.Tperimentalion. One 
or two blood samples were obtained on each subject during the one or two periods of urine collection 
which extended for approximately 30 minutes. Plasma and urine were analyzed for urea, sodium, 
potassium, chloride, phosphate, and in some instances sulfate. On urine the total osmolarity was 
also determined. The methods and calculations used have been described (5). 

RESULTS AND DISCUSSION 

Solute Excretion. In table i are given the mean values with their standard er- 
rors of the concentration of solutes in plasma and urine of 15 subjects, who were 
studied over 26 periods of urine collection in 17 experiments. Also given is the mean 
value for urine flow, corrected to 1.73 m- body surface. It may be readily seen that 
urea accounted for about one-half and the electrolytes for the other half of the os- 
molarity of urine. The sum of the solutes determined accounted on the average 
for 84 per cent of the total osmolarity, calculated from the freezing point depression 
by a procedure outlined previously (5). The magnitude of individual variations of 
each of the urine solutes should be pointed out. The urine flow, as well as the con- 
centration of electrolytes, ranged from values of 0.5 to 1,5 of the mean. Urea was 
the most constant solute, with about two thirds of the variation of the electrolytes. 
Some of the variation is undoubtedly due to differences in the preceding dietary 
intake. 

The plasma values other than the total calculated osmolarity deserve little 
comment. Its value was calculated by the procedure outlined in the footnote to the 
table. A s imil ar value is obtained if the normal value for CO2 content, 27 m.Osm/ 1 , 
and for the sum of Ca and Mg, 3.5, is added to the sum of the solutes determined. 

A comparison of the data for urine with those in the literature is of interest. 
Similar rates of flow have been obser\^ed by McCance (6) and Gamble (7), but Ches- 
ley (8) under conditions of prolonged thirsting and fasting observed smaller volumes. 
The total osmolarity, as well as the concentration of the individual solutes, is similar 
to the values measured by McCance (6) on rivo adult subjects, but lower than the 
maximum achieved during a 6-day period of water deprivation in the experiments 
of Gamble (7). 

Osmotic Work. In table 2 are summarized the data on the minimal renal work 
of the subjects, calculated by equation i. An inspection of the distribution of the 
values indicates that urea accounted for the bulk, approximately two thirds, of the 
work. Potassium was next in importance. Together these two solutes accounted 
for 90 per cent of the total work. Sodium and chloride were lowest in the list. It 
is of interest to contrast the distribution of the work values with that of the concen- 
trations. By the nature of the equation it is the ratio between plasma and urine, 
rather than the absolute urine concentration, that determines the renal work. 

To evaluate the significance of the total work value, reference should be made to 
the Yvork of the kidney under other conditions. In osmotic diuresis during hydro- 



Table i. Plasma and urine concentrations of solutes 
Means and standard errors of 26 periods on 1$ subjects in 17 experiments. 
Concentrations are expressed in milliosmols per liter. 
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penia, even though the urine osmolarity decreases, the calculated work rises to 4 
cal/min., about 7 times as high as the value in the present experiments. A second 
question is how the work in the hydropenic ‘resting’ state compares with that under 
normal, ‘eu-hydrouric’ conditions of urine flow. Such a comparison is presented in 
table 3. It contains a series of work values for different rates of urine flow, calcu- 
lated under the simplifying assumption of a constant solute load and constant plasma 
concentration of the solutes. Such an assumption introduces an error only with res- 
pect to urea. The urea work with rising urine flows is under-estimated, since with 
hydration the plasma concentration of urea decreases and the clearance increases. 
It may be seen from the table that with flow increasing to the eu-hydrouric range, 
the total work value diminishes slightly to reach a minimum at 2 cc/minute. It 
rises again slightly with further increase in volume. The relative constancy of the 
total work is a consequence of compensating changes in the values for the different 
solutes. As the work for Na, Cl, and the sum of bicarbonate and glucose rises, that 
for the other solutes falls. The general pattern of work curves for constant load and 
variable volume has been described schematically by Newburgh (3). 


Table 3. Calculated osuotic work tor coxstaxt solute load anti plasma concentratioss 

AOT varying urine PLOW* 

Values are expressed in callminll.73 


TLOVf 

TOEA 

Na 

K 

Cl 

POi 

SOi 

GLUCOSE* 
AKD HCOj 

TOTAL 

cc/mittf 

1.73 

o-S 

.47 

.004 

.10 

.006 

.024 

.018 

•ooS 

.630 

1,0 

•39 

.015 

•075 

.003 

.018 

.012 

.015 

.528 

1-5 

•33 

.044 

•059 

.016 

.014 

.009 

.023 

•495 

2.0 

.28 

.078 

.048 

.036 

■ Oil 

.007 

.031 

.491 

2-5 

•25 

.116 

.037 

•059 

.009 

.006 

.038 

• SIS 

^ The solute load was assumed to consist of the 

average values determined 

for the condition 1 

hydropenia. 

2 

See footnote 2 in table 2. 







One may conclude that under the conditions here described, i.e. of maximal 
osmolarity and minimal urine volume, the kidneys are in a relatively resting state. 
Their thermodynamic work exceeds only little that done under eu-hydroxuic con- 
ditions. 

The absence of relationship between urinary osmolarity and renal work should 
be emphasized. In the literature it has been frequently assumed, either expressly 
(6) or by implication (9), that a maximal urinary concentration is either synonjmious 
with, or indicative of, a state of maximal renal work. Such an assumption is not 
only contradicted by the results of the present study but is actually theoretically 
unjustified. The factors defining the maximal urinary concentration or the ratio 
between urine and plasma osmolarities are as yet unknowm. They may be a func- 
tion of the thermodynamic work necessary to produce a given concentration differ- 
ence, or they may be related to an over-all osmotic ceiling, possibly dependent on 
the permeability of the distal tubular wall. Even if the first case held, the concen- 
tration difference by itself could not be a measure of the work bemg done. The 
situation would be closely comparable to the case of a concentration cell. The con- 
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centration diSerence, i.e. the potential, by itself no measure of the energy output,, 
has to be multiplied by flow (current) to yield a work value. Although under con- 
ditions of minimal urine flow, as under conditions of minimal electrical flow, the 
potential is maximal, the output is only a fraction of the possible maximum. If 
the second h3rpotliesis is applied, namely that an over-all osmotic ceiling related to 
the structiure of the distal tubular wall governs the maximum osmolarity, no con- 
clusion at aU can be drawn from the osmolarity with regard to the total osmotic 
work. 

The question as to whether or not one can predict the maximal work value, i.e. 
the work capacity, from that of the resting kidney cannot be answered as yet. Off- 
hand there is no relationship apparent but it remains for further studies to determine 
whether such an association exists, and what its nature may be. 

Finally the relation of the theoretical work to the actual metabolism of the kid- 
ney should be discussed. It was stressed in the introduction that the calculated 
work refers to a thermodynamically reversible process, conducted at loo per cent 
efficiency. Actuall}’’, the thermodynamic work has been foimd in various experi- 
mental animals to account for only i to 2 per cent of the total metabolism of the 
kidney, as measured by its oxygen consumption (10-12). No direct measurements 
of renal efficiency are available in man. An approximate estimate may be given 
on the basis of the reported oxygen consumption of the ‘resting’ human kidney, 
determined to be 10 cc/minute by Bradley and Halperin (13). Assuming a R.Q. 
of 1.0, so that I cc. of oxygen corresponds to 5 cal., the total energy available to the 
hiunan kidney would then amount to 50 cal. The average value of thermodynamic 
work here reported, 0.6 cal/min., corresponds to 1.2 per cent of the total energy, a 
value in agreement with the previously cited figures for experimental animals. A 
similar estimate of the efficiency of the human kidney was reached in an indirect 
manner by Borsook and Winegarden (4). Suffice it to say here, that there exists 
considerable doubt as to whether any relation obtains between the thermodynamic 
work and the total metabolism of the kidney. 


SUMMARY 

The solute excretion and the renal osmotic work in man in the hydropenic state 
has been presented. It is concluded that the kidney under conditions of mim’mfll 
urine flow and maximal osmolarity is in a relatively resting state. The osmotic 
work is only little more than that under normal, eu-hydrouric conditions. 
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EXCRETION OF SOLUTES AND OSMOTIC WORK DURING 
OSMOTIC DIURESIS OF HYDROPENIC MAN. THE IDEAL 
AND THE PROXIMAL AND DISTAL TUBULAR WORK; THE 
BIOLOGICAL MAXIMUM OF WORK 

S. RAPOPORT, CLARK D. WEST and WILLIAM A. BRODSKY 

From the Children's Hospital Research Foundation and the Department of Pediatrics, 
University of Cincinnati College of Medicine 

aNaNNATI, OHIO 

P REVIOUS papers dealt with the relations between urine flow and excretion 
of solutes in hydropenic man during osmotic diuresis produced by ii different 
loading solutes (i, 2 ). In this communication different aspects of these ex- 
periments will be presented. The pattern of excretion of the individual loading 
solutes, the relations between urine and plasma concentrations, and the electrolyte 
losses will be considered. Furthermore, calculation of the renal work, both of the 
ideal process and of the work for the proximal and distal portions of the renal 
tubule, is included. 


METHODS 

The experimental procedures and the chemical methods used have been described previously 
(i, 3). The material of this paper includes 214 urine collection periods observed during 26 experi- 
ments on 21 subjects, of whom 3 were diabetic. Five of the subjects were studied twice. All load- 
ing solutes except xylose, sorbose and sorbitol were used in more than one experiment each. Glucose 
loading was carried out only in diabetic subjects. Mannitol was used as the loading solute in 5 ex- 
periments and creatinine in 3. In several of the experiments with NaCl, creatinine and glucose, a 
large dose of solute was given orally prior to its intravenous administration. In one experiment urea 
was given orally followed two hours later by glucose both orally and intrvenously. In another ex- 
periment the order of administration of the two solutes was reversed. For calculation of the dose of 
the electrolytes in osmols, the molecular weight was divided by the number of ions constituting the 
molecule. 

The calculation of the ideal renal osmotic work by the equation 

W = RT V (U In U/P - 1 - P - U) (i) 

where W indicates the work, R is the gas constant, T the absolute temperature, U the urinary and 
P the plasma concentration of a solute and V is the urinary flow has been described previously 
(3, footnote I, table 2). 

RESULTS 

Pattern of Solute Change in Plasma and Urine during Osmotic Diuresis 

In table i are summarised representative experiments on 8 of the ii solutes 
studied. They are: urea, creatinine, NaCl, sodium sulfate, sodium para-amino- 
hippurat e, mannitol, sucrose and glucose. Omitted are loading experiments with 

Received for publication January 17, 1949. 
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Table i. Urine blow and solute concentrations in plasma and urine during osmotic 

DIURESIS PRODUCED BV VARIOUS LOADING SOLUTES 
All cimcenlralions are expressed os m. Osm/l. 


•C. B., II yrs., 28.9 kg., 1.08 Urea 


PEHIOD KO. 
AND SPECIMEN 

CONCtmUENX 
TIME, MIN. 

URINE 

VOU., 

CC/lON/ 

1.73 

UREA 

Na 

K 

Cl 

i 

PO. 

so. 

SUM 

SOEUTES 

DETER. 

TOTAL 

OSMO- 

LARITV 

CALC.* 

P-2 U 

P 

-47 to -S 
-14 

0.50 

SS2.I 

8.4 

225.0 

I 4 S-S 


172.2 

103.6 

34.8 

23-3 

1114 

263 

1179 

303 


o to 15 1 . V. injection 52% urea, 1385 m.Osm/1.73 IP in 46 cc. saline 


2 U 

38 to 59 

4.58 

556-7 

50.0 

15.8 i 

37-0 

D 

2.3 

666 

686 

pi 

29 


53.7 

149.2 

8.8 

106.4 


1.2 

319 

362 

P-’ 

48 


50.1 

146.2 

6.5 

102.8 


r.i 

307 

348 

3 U 

59 to 78 

4.61 

561.0 

42.5 

iS-o 

33-0 


2.6 

660 

700 

P 

68 


47.0 

144.7 

5-0 

106.4 

■ 

0.9 

304 

338 

1 


•G. P., 13 yrs., 42.5 kg., 1.34 M* Creatinine 


PERIOD NO. 
•AND SPECIMEN 

CONCURRENT 
TIME, MIN. 

1 

1 URINE 
VOL., 

cc/min/ 
1.73 M» 

CREATI- 

NINE 

UREA 

Na 

1 

K 

1 

Cl 

P0« 

SOi 

SUM 

SOL- 

UTES 

DETER, 

TOTAL 

osiro- 

LARITY 

CALC.* 

P-i u 
p 

— loi to —66' 

-87 ^ 

0.66 

i 

i 

466.0 

6.8. 


125.3 

4.9, 

m 

H 

26.9 

i 

1029 

309 


oio 4 I.V. injection 7.6% creatinine, 144 m.Osm/1.73 M- with 50 cc. saline 


3 u 
p 

5 to 25 

15 

6.97 

261.2 

8.8 

143.8 

6.81 

52-5 

146.3 

39-5 

5.0 

79. ol 
102.8 

8.4 

4.6 

589 

270 

661 

310 

4 U 

25 to 46 

3-51 

276.2 

183.9 

65.0 

46.3 

0 

CO 

11-3 

6.6 

676 

756 

P 

35 1 


6.5 1 

6 . 81 ^ 

1 

150.0 

5 - 7 ^ 

jl 02.0 


1 

271 

317 


48 to 56 I.V. injection 7.6% creatinine 218 in.Osm/1.73 


5 U 

58 to 79 

7.96 

273-2 

79.0 ] 

50-0 

1 

34.0 

1 

73 -o! 

j 

5.5 

i 

3-0 i 

518 

632 

P 

68 

1 

15.3 

6.81 

148.5 

5-4 

103.2 

1.7 


281 

322 

6 U 

79 to 100 

4-97 

315.8 

120.0 

45.0 

39-0 

72.6 

8.4 

4.7 

606 

710 

P 

89 


II. I 

6.81 

1 

145-5 

5.3 

102.8 



272 

312 


TT. E ., II yrs., 31.2 kg., 1.12 


NaCl 


PERIOD 
NO. AND 
SPECIMEN 

CONCURRENT 
TIME, MIN. 

UlUNE 
VOL., cc/ 
SIIN/I. 73 IU 

B 

CI 

UREA 

K 

PO 4 

so. 

SUM 

SOLUTES 

DETER. 

TOTAL OS- 
MOLARITY 
CALC.* 

0 to 27.5 I.V. injection 10.4% NaCl, 1052 ni.Osm/1.73 AP with 30 cc. saline 

I U 

71 to 100 

8.36 

275.0 

262.0 

78.9 

24.5 

6.1 

3-5 

650 

684 

P 

85 


168.8 

130.8 

4.8 

3.5 

1.3 

1.2 

310 

341 

2 U 

100 to I 2 I 

6.34 

255-0 

249,6 

67.0 

35.2 

5-2 

3.1 

615 

666 

P 

XI2 


170.0 

129.6 


4.4 


1.4 

305 

346 

3 ,U 

I 2 I to 142 

6.34 

247.5 

241.0 

68.9 

43.8 

4.8 

2.8 

608 

728 

P 

I 4 I -5 


166.2 

124.0 

4-7 

3.7 

1.3 

1. 1 

301 

336 







































































Table i — Coniinuei 

NajSOi 


L. 2?., 14 yrs., 38.0 kg., 1.30 M* 


PEBIOD 
KO. AND 
SPEOUEN 

CONOJERENT 
TIME, MIN. 

URINE 
VOL., CC/ 
UIN/I.73II* 

UREA 

j 

Na- 

K, 

Cl 

PO. 

SO* 

suit 

SOLUTES 

DETER. 

TOTAL OS- 
MOLARITY 
CALC.» 


oio6 I.V 

. injection 18% NoiSOt, 75S m.Osmli.73 IP with 50 cc. saline 


I U 

19 to 47 

8.94 

61. 1 

355-0 

41.5 

8.0 ' 

2.5 

196.2 

664 i 

708 

P 

30 


7.4 

167.0 

6.2 

100.0 

1.2 

12.6 

294 

346 

2 U 

47 to 66 

S-31 

SS.8 

393-0 

63.0 

4.6 

3-6 

175.7 

729 

779 

P 

57 


S.i 

167.0 

6.2 

102.4 


8.6 

292 

346 

71 to 78 I.V. injection iS% Na^SOt, 506 m.Osm/1.73 IP 

3 U' 

81 to 107 

10.6 

45 -9 

368.0 

35.8 


1.9 

194.8 

656 

690 

P 

91 


7.0 

179.0 

6-5 



13-9 

308 

370 

4 U' 

107 to 127 

7-45 

70.6 

395-0 

53-3 

mg 

2.9 

187.2 

711 

772 

P 

II7 


7-3 


5-6 

m 

1.2 

11. 0 

19s 

35 ° 


A. R., 10 yrs., 28.9 kg., 1.02 Na p-aminohtppurare 


PERIOD 

CONCURRENT 
TIME, mn. 

URINE 







SUM 

TOTAL OS- 

KO. AND 
SPECIMEN 

VOL., cc/ 
MIN/ 1 . 73 U’ 

PAH 

UREA 

Na j 

K 

1 

Cl 

PO* 

SOLUTES 1 
DETER. 

MOLARITV 

CALC.* 


oto 2 I.V. injection of 20% NaPAH, 113 m.Osm/1.73 ilP 


21 to 41 

2.77 

240.0 

xio.s 

248.8 

31-4 

29.4 

23.2 

683 

819 

29 


2.8 

7.3 

ISI.5 

5-7 

104.0 


271 

314 


4P to 51 I.V. injection of 20% NaPAH, 220 in.Osm/1.73 IP 


4 U 

74 to 9 S 

4.35 

232.0 

91.8 

248.8 

j 26.8 

41.4 

14.2 

655 

684 

P 

84 


6.7 

6.0 

159.8 

1 5-8 

101.2 

1.3 

281 

329 

5 U 

95 to 122 

3-52 

238.4 

110.6 

240.0 

43-8 

38.6 

19.7 

691 

742 

P 

107 


4.6 

6.2 

159.0 

1 

100.8 


276 

328 

A. R., 10 yrs., 28.9 kg., 1.02 M2 


Mannitol 






PERIOD 
NO. AND 
SPECIMEN 

CONCURRENT 
time, JON. 

URINE 
VOL., CC/ 

MIN/I.73M’ 

MANNI- 

TOL 

UREA 

Na 

1 

! 

Cl 

PO. 

SUM 

SOLUTES 

DETER. 

TOTAL OS- 
MOLARITY 
CALC.’ 


0 to 7 I.V. injection 25% mannitol, 467 m.Osm/1.73 IP 


9 to 30 

10.3 

1 

331-3 

43-0 

32.5 

12.3 

51.0 

2.1 

472 

522 

21 


28. 2 

7-0 

141.8 

4.8 ! 

95-6 

1 - 7 * 

279 

320 

30 to 49 

7-29 

360.4 

67.2 

37.5 

12.3 

58.8 

4.0 

540 

623 

40 


23.8 

7-6 

141.8 

1 

4.8 

98.8 

1.7I 

278 

3x7 


50 to 57 I.V. injection 25% mannitol, 467 n1.O5mJ1.73 


U 

P 

U 


sSto 80 

71 

So to 99 


17.7 

13.7 


327-2 

49.2 

325-3 


27.0 

7-0 

27-5 


30.0 

134.3 

37.5 


6.0 

S-o 

8.8 


47.6 

90.8 

52.8 


2.1 
1.71 

3.2 


440 

288 

45S 


565 


486 

327 

539 


_ loi to loS I 

I 1 

.y. injecti 

I 1 

on 25% ■ 

1 1 

mannitol 

[ 1 

, 467 nut 

1 i 

lsmli .7 

1 1 

•3 IP 

1 

( 


5 V 
P 

6 U 
P 

X09 to 130 
122 

X30 to 149 

239 

22.8 

X4.4 ! 

3x3.7 

58.0 

352.8 

48.9 

22.6 

8.6 

30.1 

7.3 

30.0 

131-3 

27.5 

132.8 

8.8 

4.7 

12.0 
4-5 1 

46.2 

92.4 

45-6 

90.4 j 

1.7 

i. 7 » 

2.4 

1.7' 

423 1 

297 

470 j 
286 

476 

33 X 

524 

323 
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TABtE I — Continued 


D. TT^., 12 yrs., 26.4 kg., 1.06 Sucrose 


PERIOD 

1 COKCUBRENT 
TIME, MIN. 

URINE 

SUCROSE 1 




1 


SUM 

TOTAI. OS- 

KO. AND 
SPECrifEN] 

1 

vox.., cc/ ! 


UREA 

1 

Na 

i 

K 

Cl 

1 


SOLUTES 

DETER. 

MOLARITY 

CALC.'. 


oto 42 I.V. injection 74.4% sucrose, sgs 7n.Osml1.73 M~ 


I u 

47 to 68 

14.8 

284.0 

28.2 

46.0 

4.1 j 

46.4 ' 

1 

1.9 ! 

411 

501 

p 

55-2 


41-3 

S.6 

136-3 

4.1 

98. 8 

1-3 

287 

320 

2 u 

68 to 88 

10.6 ! 

30S.2 

48.4 

43.0 

7.2 

47-8 1 

2.4 

457 

556 

p 

77.8 


33-2 

S -5 

137.5 

4.2 

101.6 i 


282 

314 


go to II 2 I.V. mjeclion 74.4% sucrose, ig6 m.Osm/1.73 


3 U 

114 to 141 

15-3 

292.1 

34.4 

44.0 

8.0 

47.8 

2.2 

428 

522 

P 

129.5 


41.9 

5-9 

140.0 

4-1 

101.6 


294 

328 

4 U 

141 to 161 

10.6 

327-2 

40.0 

43-5 

14.2 

47-4 

3-0 

475 

590 

P 

151-2 

1 

34.0 1 

6.2 

142.5 

4-5 

102.4 

1-5 

291 

326 


L. D., 13 yrs., 38.9 kg., 1,31 M* Glucose 


PERIOD NO. 
AND SPECIMEN 

CONCURRENT 
TIME, MIN. 

URItlE 

voi.., cc/ 
SIIN/1.73 
MS 

GLUCOSE 

UREA 

Na 

K 

Cl 

POx 

1 

1 

SOx 

! 

SUM i 
SOLUTES 
DETER. 

TOTAL OS' 
MOLARITY 
CALC.' 

P 

P -2 U j 

-76 

—61 to —38 j 

0.86 

17.2 

468.9 

7.3 

275-3 

141.0 

180.0 

4-7 

54.0 

102.4 

127.5 

0.9 

7.7 

14.4 

274 

1128 

■H 


—24 to —23 glucose, oral, 366 77t.Os/n/i.73 »« 70 cc. lc7non juice 

0 to 4 I.V. vijcction 50% ghicose, 236 tn.Osml1.73 M- with 50 cc. saline 


5 to 26 1 

9.04 

34S.2 

61.4 

82. s 

14-2 

58.4 

1 

1.4 

2.1 

1 568 

618 

^5 


38.0 

7.3 

132.0 

5-6 

100.0 

0.9 


284 

312. 

26 to 46 1 


353-8 

71.1 

92-5 

13.5 

70.0 

1.8 

2.5 

605 

660 

37 

m 

38.7 

8.8 

134.0 

5-5 

100.0 



CO 

31S 


$2 to 56 I.V. injection 50% glucose, 476 1n.Osml1.73 M- 


3 D 1 

58 to 79 

iS.s 

313-5 

31-4 

82.5 

15.5 

59-6 

B 

1.8 

505 

529 

P 

69 


S 5-8 

8.8 

127-5 

5.8 

98.0; 

HI 


296 

323 


1 Determination on pooled plasma. 

2 The value for total osmolarity of the plasma was estimated as 2(Na+K) — 8 + (urea). The 
formula is based on the assumption that the proteins are the only osmoticaUy negligible ions and that 
urea is the only non-electrolyte. The total osmolarity' of the electrolytes may' be e.xpressed in terms 
of cation equivalents as 2(Na ~h K) -p r.5 (Ca -f- Mg) — Prot. Substitution of the values of 7 
mEq /1 for the sum of calcium and Mg, and of 18 for protein, leads to the previous expression. 


xy'Iose, sorbose and sorbitol. To conserve space, only two preliminary periods on the 
first two experiments and one in the case of a diabetic subject have been included. 
Also, aU late post-loading periods and those with rapidly changing plasma levels 
during and immediately following injection of the loading solute have been omitted. 
The table contains information on the age, weight and surface area of the subjects 
and on the size of the dose administered. The tabulated data comprise the urine 
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volume, the concentrations in plasma and urine of the loading solute, as well as of 
urea, sodium, potassium, chloride, phosphate and, in most instances, sulfate. The 
sum of the solutes determined and the calculated total osmolarity are also given. 
The value for urine was estimated from the freezing point depression in a manner 
previously described (2), and that for plasma was calculated in the manner indicated 
in the footnote to the table. 

It may be seen that the mine flows following loading increased in a widely vary- 
ing manner from the pre-loading rate of about 0.5 ml/min. (3). The maximum rate 
was 22.8 ml/min. The smallest response was observed with urea and NaPAH and 
the greatest with mannitol. A comparison of the amounts administered indicates 
that the diuretic response bore no direct relation to the dose administered. The 
factors entering into relation have been discussed previously (2). 

The total osmolarity of urine and plasma may be considered next. The calcu- 
lated plasma osmolarity increased from a mean pre-loading value of 304 m. Osm/1. to 
as much as 370 m. Osm/1. in the case of urea, and to 362 m. Osm/l. in the case of so- 
dium sulfate, increases of about 20 per cent above the basal level. The mean level 
for all diuretic periods was about 330 m. Osm/l. The total osmolarity of the urine de- 
creased in all experiments during diuresis in a pattern discussed extensively elsewhere 
(i, 2). 

The concentration of the loading solutes in the plasma increased by as much as 
58 m. Osm/l. in the case of the mannitol experiment presented. In another exper- 
iment with mannitol a peak value of 62 m. Osm/l. was observed. Other large in- 
creases occurred with sucrose, glucose and the other sugars and sugar alcohols, sub- 
stances which distribute themselves in a small volume of body fluid. A high plasma 
concentration was also observed in the mea experiment, following a very large dose. 
The increase in sodium was about 35 m. Osm/l. in the case of sodium sulfate, and was 
somewhat smaller with sodium chloride loading. With para-aminohippurate and 
creatinine the mcrease in the plasma was least marked, in the former case because 
of the small dose administered and a rapid rate of excretion, and in the latter because 
of a large distribution volume. The urine concentrations of the loading solutes varied 
considerably. In the case of urea the concentration remained constant at the pre- 
loading level despite a nine-fold increase of urine flow. It is noteworthy that the 
maximum mine concentration of all other nonelectrolytes tended to average about 
330 m. Osm/l. The sodium concentration reached a maximum of nearly 400 m. 
Osm/l. with sodium sulfate, a value in excess of any previously reported. In the 
case of loading with sodium chloride a lower maximum of sodium, approximate^ 
275 m. Osm/l. was reached, similar to values reported by McCance et al (4). 
Of the anions, chloride reached the highest urine concentration. In one experi- 
ment, not presented in the table, a concentration of 370 m. Osm/l. was reached at a 
rate of urine flow of approximately 2 cc/min. following a dose of sodium chloride of 
59° m. Osm/1.73 3- value in exact agreement with that reported by Davies el al. 

(5) and McCance (4). In the experiment presented, a lower value was measured at 
a mucli higher rale of urine flow. Para-aminohippurate and sulfate had lower max- 
imum concentrations. It is of interest that the concentration of all loading solutes 
tended to decrease somewhat at the highest urine flows. 

The urhiar}' concentrations of the solutes other than the loading solute on the 
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whole decreased as expected with increasing urine flow. Several significant excep- 
tions are noteworthy. In the experiments with sodium sulfate and sodium chloride 
the potassium concentration decreased much less than expected. This behavior of 
potassium following sodium administration is well known and needs no further em- 
phasis. ^^dth sodium sulfate loading the chloride concentration decreased to lower 
levels than observed in any other experiment. This effect is similar to the phenom- 
enon observed in dogs by Lotspeich (6). He found that the administration of chloride 
interfered with the reabsorption of sulfate . The results of the other diuretic exper- 
iments here presented would suggest that the relation between chloride and sulfate 
is of a specific nature rather than based on a non-specific osmotic effect. 

A more complete presentation of the excretion of the electrol5des during osmotic 
diuresis is summarized in the 4 graphs constituting figure i ; the amounts of sodium, 
chloride, potassium and phosphate, in m. Osm/min. are plotted against the rate of 
urine flow for all ii loading solutes. In figure lA the sodium excretion, excluding 
loading experiments with sodium salts, is presented. Despite a great variability of 
the data, a clear cut relation between the rate of urine flow and that of sodium loss 
is apparent. Of the individual solutes only the apparently greater sodium loss dur- 
ing loading with glucose and creatinine is worth noting. Figure iB, on the chloride 
excretion, from which the experiments on loading with sodium chloride have been 
omitted, presents a similar pattern. Noteworthy is the low excretion rate of chlor- 
ide in the experiments on loading with sodium sulfate, a circumstance which has been 
commented on in the preceding section. A bigher-than-average chloride loss is sug- 
gested with creatinine loading. In figure iC are presented the potassium losses. 
Excepting the experiments on loading with sodium salts, all of which show increased 
excretion, they demonstrate independence to a large extent of the e.xcretion of potas- 
sium from the rate of urine flow. The sweeping out of potassium by administration 
of sodium salts is illustrated clearly. A constant potassium clearance in water 
diuresis at rates of urine flow exceeding i cc/min. has been demonstrated by other 
workers (7). The relative constancy of the potassium excretion in osmotic diuresis 
other than that produced by sodium salts would suggest that an increase of osmolar- 
ity of the body fluids alone need not lead to marked losses of intracellular potassium 
as has been suggested on the basis of observations in dehydrated man and animals 
(8). Figure iD presents the data on phosphate excretion. Their pattern on the 
whole is similar to that of the potassium values, although an upward trend with 
increasing urine flow is suggested. The outstanding exception refers to the experi- 
ments on loading with para-aminohippurate in which a distinct increase in the ex- 
cretion of phosphate occurred. This finding raises interesting speculations with 
regard to a possible competitive relation between tubular processes concerned with 
para-aminohippurate excretion on the one hand and reabsorption of phosphate on 
the other. A constant rate of phosphate excretion has been observed repeatedly in 
water diuresis (9) but a moderate increase was found in dogs follondng injection of 
hypertonic salt solutions (10). The relative constancy of the excretion of potassium 
and phosphate over a wide range of urine flows is in marked contrast with the propor- 
tionality between excretion and flow for sodium and chloride. Among the various 
factors which may be invoked to explain this circumstance, the osmotic work in- 
volved may be cited. With increasing rates of flow the difference in concentrations 
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between urine and plasma for Na and Cl tends to become greater while it diminishes 
for K and phosphate. Consequently with increasing urine flow the renal work re- 
quired to conserve the composition of the body fluids increases for the former and 
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Fig. I A, B {upper left and right ) ; C, D {lower left and right). Urinaiiv loss of sodium, chloride 
POTASSIUM AND PHOSPHATE DURING OSMOTIC DIURESIS. The electrolytes in ni.Osm/min/1.73 M 
are plotted against the rate of urine flow in cc/min. All experiments with sodium salts are omitted 
from the sodium graph and those with sodium chloride from the chloride graph. 

decreases for the latter ions. The urinary loss with diuresis of sodium and chloride 
may be a measure of the inefficiency of the renal regulation. 

Renal Work in Osmotic Diuresis 

This section of the paper deals with the ideal renal work involved in the process 
of urine formation under the conditions of osmotic diuresis. It may be well to state 
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clearly at the outset the limitations and uncertainties of the approach adopted. The 
general justification for the consideration of the renal work is the basic circumstance 
that energy is required to produce a given concentration diSerence between urine and 
plasma. In the absence of detailed knowledge concerning the exact pathway of 
urine formation and the metabolic efficiencies of the tubular processes engaged in the 
elaboration of urine, a minimal value for the renal work is given by the energy thermo- 
dynamically required to produce the observed concentration difiterences. The work 
is calculated on the assumption of an idealized single-stage process of urine formation 
conducted in an energetically reversible manner at 100 per cent eflEiciency. These 
basic premises are so far removed from the actual conditions of renal function as to 
raise considerable doubt concerning tire biological significance of the calculated ideal 
work value. Some of the objections may be mentioned, i) The concept of a single- 
stage process of urine formation is contrary to the known facts of renal physiolog}^ 
2) The assumption of complete efi&ciency is certainly invalid for any biological 
system. Actually, data in the literature (11-13) based on the o.xygen consumption 
of the kidney, suggest an efficiencj^ of only 1-2 per cent for the kidney. Fur- 
thermore it would be surprising that various types of renal processes, say those in- 
volving reabsorption of glucose and of electrolytes, should have the same energetic 
efficiency. 3) It is by no means certain that the basic assumption of the renal work 
as that of a chemical concentration cell for each individual solute is valid for all renal 
processes involving change in the osmolarity of the tubular fluid. In a later section 
reasons will be cited to doubt this premise for the work in the distal tubule. A num- 
ber of other equally valid objections may be cited, all of which would suggest that 
there need be little or no connection between a calculated ideal, work value and the 
actual expenditure of energy by the kidney. Nevertheless, with these reserv’^ations 
in mind, it appeared of interest to explore the possibility that the calculated work 
during osmotic diuresis would assume a pattern of biological significance and reflect 
in some manner the actual effective energy e.xpenditure of the kidney, i.e. the portion 
available for the performance of external work. It appeared conceivable that during 
solute loading the useful energies of the kidney become engaged to a maximal extent. 
If so, a measure of the overall work capacity of the kidney would be obtained. Such 
a maximum would be defined experimentally by a failure to produce a greater work 
value by increase of either plasma level of loading solute, or urine flow, or urinary 
load. If such a maximum were discernible further questions would be in order: Is 
it the same or different for various solutes? How do the individual work values of 
different solutes contribute to the total? What conditions determine its occurrence? 
Further questions, not to be taken up here, refer to its possible clinical application. 
In the following section the ideal work will be presented first as an idealized single- 
stage process, both as to its total value and to its distribution among- different solutes, 
and secondly subdivided as to proximal and distal urine formation based on assump- 
tions to be discussed later. 

Ideal lotalwork. The ideal total work is presented for 30 periods on 8 loading sol- 
utes in the last column of table 2; and for all ii solutes, plotted against the rate of 
urine flow, in figure 2. It may be seen that the work, after first rising with increasing 
flows, reaches a plateau at a value of about 4.0 cal/min. A more exact analysis of 
the relation between urine flow and work was attempted in several directions. For a 
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Table 2. Ideal renal work during osmotic diuresis^ 

Values are for periods listed in table i; work values are expressed as callminiz.ps M- 

C. B. Urea 


SPECIMEN HO. 

OTINE 
VOL., CC/ i 
min/i. 73 ms; 

OTEA 

B 

K 

Cl 

PO)J 

SOi» 

CLTJCOSE 

AND 

HCOj* 

TOTAL 


i 

0.50 

•S 3 

.01 

.06 

.01 

.02 

.02 

.01 

.66 


I,V. injection urea, 1385 vt.Osml1.73 M~ 


.2 

in 

2.29 

•13 

n 

.09 


wm 


2-59 

3 

lil 

2.42 

•17 

mm 

.11 


■fl 


2.80 


G. P. Creatinine 


SPECIUEN 

KO, 

DJUNE 
VOL,, CC/ 
M 1 N/I. 73 SI= 

CHEATI- 

NINE 

T 7 EEA 

Na 

K 

Cl 

POi« 

so*« 

GLUCOSE 

AND 

HCOj< 

TOTAL 

■a 

0.66 


,60 

.01 

.11 

B 

.04 

.02 

,01 

• 79 


I.V. injection creatinine, 144 vt.Osml1.73 


3 

B 

2.66 

1.26 

.19 

,20 

.02 

•03 

B 

,ii 

4 

iBi 

1.63 

.91 

.08 

.12 

0 

.02 

B 

•os 


I.V: injection creatinine, 218 vt.Osm/1.73 


s 

B 

^Bb 

•58 

•24 

.16 

— 

B 

B 

B 

3-68 

6 

B 

BB 

.69 

.16 

•13 


B 

B 

Bb 

3-38 


E. NaCl 


SPECIMEN NO. 

UHINE VOL., 

I CC/MIN/1.73 
St^ 

Na 

Cl 

j 

UKEA 

K 

B 

SOi 

GLUCOSE 
AND HCOj 

TOTAL 

I.V. injection NaCl, 1052 m.Osm/1.73 

X 

8.36 

.12 

• 23 

B 

1 

•13 

B 

.01 

.13 

1.38 

2 

6.34 

.07 

.14 

mm 

.16 

mm 

0 

.10 

.92 

3 

6.34 

i .OS 

.IS 

B 

.26 

] 

.01 

0 

.10 

1.02 

L. R. 




NapSOj 






j 

XniXKE VOL., 
cc/in.\yi .73 

S 0 « 

j 

Na i 

! 

UREA 


Cl 

B 

GLUCOSE 
AND HCOj< 

TOTAL 

IEh 


I.V. injection Na^SOi, 758 vt.Osmf1.73 JIP 


f 

I 

8.94 

1.96 

.40 

.40 

.23 

1 

.42 

0 

.14 

3-55 

2 

S -31 

1. 16 

•32 

•42 

.28 

! .29 

.01 

.08 

2.56 


I.V. injection NazSOi, 506 v1.Osml1.73 


10,6 

2.14 

•43 

.29 

.20 

.48 

0 

.16 

7.45 

1.58 

•44 

•43 

-32 

• 45 ^ 

0 

.11 
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Table 2. — Conlinucd 
NA P-AiaNOIIIPPaRATE 



URINE VOL., 

PAH 



SPECmEN NO. 

i 

CC/iaN/t.73 ' 
ii* 1 

Na 

UREA 



CIUCOSE 
ANT) HCOi‘ 


I.V. injeclion, NaPAH 113 m.Osmli.73 M~ 


2.77 1.40 


.07 .08 


I.V. injection, NaPAH 220 in.OsmI 1.73 M- 


A. R. Mannitol 


TJEINE VOL. 

spEaMEN\NO. cc/iiiN/i.73 rREA Na K Cl PO» 

ll* 


I.V. injection mannitol, 467 m.Osm/1.73 M- 


CLtrcoSE 
AND HCO)< 



•3 

3 -iS 

•25 

.42 

.02 

.29 

2.82 

•38 

•27 

.02 


B 



I.V. injection mannitol, 467 m.Osni/j.73 M- 


3-53 

•17 

3-19 

[ .12 


I 


I 

0 

.16 

7 

,01 

.11 


I.V. injection mannitol, 467 m.Osm/1.73 M- 



22.8 3.58 .10 .87 

14.4 3-37 -17 -60 






,16 

4.09 

i .01 

.11 

3-66 




UMKE VOL., 

SPECIMEN NO. CC/MIN/i.73 SUCROSE UREA Na 

M* 




I.V. injection sucrose, 3^2 m.Osm/1.73 



.20 .41 

•39 -32 


I.V. injection sucrose, ig6 m.Osm/1.73 M- 


15.3 2.84 .29 .47 .01 .19 

10.6 2.83 .25 .34 .04 .14 


GLUCOSE 
AND HCOl‘ 
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Table 2. — Continued, 


L.D. Glucose 


SPECIMEN 

NO. 

1 

niinn; voi., 

cc/in.v/1.73 


HEEA ; 

Na 

K 

Cl 

POA 

SOjS 

HCOa^ 

! 

. TOTAI. 

P-2 

0.86 

.57 

•38 

0 

.04 

D 

.01 

.01 

.01 

1.02 


Glucose, oral, 366 m.Osm/1.73 
I.V. injection glucose, 236 m.Osm/1.73 M- 


I 


2.49 

.42 


M 

Wi 

0 

0 

.11 

3.18 

2 

■B 

2.17 

.40 

■1 

wm 

H 

0 

° 

.10 

2.76 

I.V. injection glucose, 476 1n.Osml1.73 

3 

18.S 

3 -II 

.18 

1 

.06 

•13 

1 

0 

1 

0 

•23 

3-84 


1 The work was calculated according to equation i. For this purpose the plasma concentra- 
tions of the loading solutes at the midpoint of the urine collection periods were determined by graphic 
interpolations from the slope of the disappearance curves. All plasma values were multiplied by 

l. 05 to give an assumed value for the concentration in the glomerular filtrate. 

^Phosphate, plasma concentration assumed in m.Osm/ 1 .; IF. E,, NaCl, 1.3; C. B., urea, 1.4; 
G. P., creatinine periods 3 and 4, 1.6, periods 6, 1.7; L. R., Na 2 S 04 , periods 2 and 3, 1.2; 
A. R., NaPAH, periods 2 and 5, 1.3; D. W., sucrose, periods 2 and 3, 1.5; L. D., glucose, periods 2 and 
3 , 0 - 9 - 

® Sulfate, plasma concentration assumed in all cases where not determined, i.i m.Osni/ 1 . 

•* The work is calculated on the assumption of a value for the sum of glucose and HCO3 of 25 

m. Osm /1 in the plasma and zero in the urine. In the case of the glucose experiment, a plasma con 
centration of 20 m.Osm/ 1 , was assumed for HCO3 alone. 

® Plasma concentration assumed 102.0 m.Osm/ 1 . 

® Plasma concentration assumed 4.8 m.Osm/ 1 . 

Statistical estimate of the maximum work value 31 experimental periods with urine 
flows in excess of 10 cc/min. were considered. Three' aberrantly low mannitol values 
observed during periods of rapid change of urine flow, were omitted. The remain- 
ing 28 periods yielded a mean value for work of 3.95 ± 0.09 cal/ min., with a standard 
deviation of 0.49 cal/min. Calculation on this material of the linear regression of 
work on urine flow" gave a small but significant regression coeflScient of 0.064 ± 
0.023 cal/min/cc. of urine flow. The probability that such a regression could have 
arisen by chance alone was. o.oi . Tests for association w'ere carried out on the man- 
nitol experiments separately over a wider range of flow's, in order to ehminate any ef- 
fect arising from the multitude of loading solutes employed. They led to essentially 
identical results as those when all solutes were considered. Statistically, then, the 
rate of. urine flow even in the range of high values exerted a slight effect on the mag- 
nitude of the work value. In the followdng discussion this subordinate effect for the 
niost part w’ill be disregarded. 

•All solutes are represented in the maximum range of work values excepting 
i^aCl, urea and NaPAH. The fact that NaPAH fell short of the maximum is not 
surprising m view of the rather small amount- administered. . In the case of NaCl 
and urea, which w'ere given in large dosage, a different explanation applies. Given 
a ceiling of urinary osmolarity, dependent on urinary flow (i), the initially high plasma 
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concentration of sodium and chloride limits the U/P ratio and therefore the possible 
work value below the maximum. In the case of urea the extensive tubular absorp- 
tion in causing a rapid rise of the plasma concentration produces the same effect 
during loading. 

The assumption of a maximum of work demands the determination of the inde- 
pendence of the work value not only from the rate of urine flow, but also from urinary 
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PLASMA MANNITOL CONCENTRATlON-mOsm/Lilef 

Pig. 2. Ideal ioxal woek vs. urine flow 

Fig. 3. Ideal total and mannitol work vs. plasma concentration of manrntol. 

load and plasma level of loadmg solutes. A plot of work versus urinary load is in all re- 
spects similar to that versus urinary flow, shown in figure 2, and is therefore onutted. 
It also indicated on statistical analysis of the experimental periods at mine flows in 
excess of 10 cc/min. a slight but significant dependence of work on urinary load, 
with a regression coefficient of 0.19 ± 0.05 cal/min/unit load. The relation of work 
to the plasma level is exemplified by the data on mannitol loading summarized in 
figure 3. It contains a plot of total and of mannitol work versus plasma level of 
mannitol. An independence of the total work value from the plasma level over a 
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Tange from 20 to 62 m. Osm/ 1 . is apparent. Statistical analysis of the data corrobo- 
rates this impression. The linear regression of work on plasma level of mannitol 
yielded a non-significant coefficient of less than 0.005 cal/min/m. Osm/ 1 . of plasma 
level. The probability of its occurrence by chance alone was 0.5. Thus, in this 
ease, even a slight dependence of work on the plasma level, such as noticed previously 
mth respect to urine flow and load, is absent. 

In figure 4 is presented the work per cc. of urine elaborated, plotted versus the rate 
■of urine flow. It is seen that this work decreased sharply at first and more slowly 
later. On the whole, the pattern of the graph is strongly reminiscent of that of the 
plot of urine osmolarity versus urine flow (2). Theoretically, once renal work reaches 
its maximum, W/cc. x volume becomes constant and a strict reciprocal relation 
between the work per cc. and urine flow obtains. 
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Fig. 4. Work per cc. of urine elaborated vs. rate of urine flow 


An important question refers to the relation of the work to the duration of osmotic 
diuresis. A priori, 3 possibilities are apparent: i) independence of the work value 
from the duration of diuresis; 2) exhaustion of the renal mechanism during contin- 
uous loading ; and 3) a lag with increased efficiency during prolonged loading. Some 
of the relations observed are plotted in figure 5, which shows progressive changes in 
the relation between total work and flow during four representative experiments in- 
volving urea, sodium chloride, mannitol, and creatinine. Although there is no indi- 
cation of any effect of repeated loading on the maximum work value, there is clear 
evidence of hysteresis, with the work during de-loading proceeding at a much higher 
evel than during loading. The level during de-loading is close to the maximum. 

The distribution of the work values among the different solutes may be considered 
^ext. Table 2 contains a compilation of the ideal work values during osmotic diure- 
or the periods presented in table i. Included are the individual values of the 
so utes determined, an assumed value for bicarbonate and glucose, and a c^culated 
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total value. It is seen that in most instances, the loading solute accounted for the 
bulk of the renal work. Its contribution amounted to more than 85 per cent in the 
case of urea, and to more than 75 per cent in the mannitol, sucrose and glucose ex- 
periments. Similar high percentages were calculated for all loading solutes except 
for the sodium salts. With sodium para-aminohippurate, the anion alone accounted 
for about 70 per cent of the ideal work, while the sodium contribution was negligible. 
It was equally small in the sodium chloride experiment while the chloride contribu- 
tion, although considerably greater, was only 0.23 cal/min. The highest value of 
sodium work was observed with sodium sulfate, where a value of 0.44 cal/min, was- 



Fig. 5. Sequekce oe relations between work and urine flow during osmotic diuresis. Arrows 
indicate the order of the observations. 


calculated, still only about 10 per cent of the total \vork. In that experiment the 
sulfate contribution accounted for approximately 50 per cent of the work. In ex- 
periments other than those involving sodium salts the sodium work tended to increase 
as the urine flow rose, while the reverse was true for potassium. Both of these trends 
are as expected, since with increasing flow the concentration difference between plasma 
and urine increases for sodium and decreases for potassium. Chloride on the whole 
followed the pattern of the sodium, and urea, phosphate and sulfate that of potassium. 
The principal exception refers to the potassium work during loading with sodium 
salts. Under these conditions its work value rose during diuresis. As a matter of 
fact the potassium contribution in one sodium clfloride experiment accounted for 
40 per %ent of the total work. A relatively large value of the chloride work during 
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loading with sodium sulfate, a reflection of the phenomenon of depressed excretion 
•discussed in the preceding section, is worthy of note. Also of interest is a high value 
of the urea work during one experiment wdth creatinine loading. But in two other 
'experiments its contribution was not so great. 

Osmotic work in proximal and distal tnbnle. Theoretical considerations. The cal- 
culations heretofore described have referred to the idealized direct process of urine 
formation from the glomerular filtrate. Actually there is good reason to believe that 
the concentration of a solute may change in opposing directions in different parts of 
the nephron. It is extremely unlikely that such changes are energetically reversible, 
i.e., that the energy’’ expended by the cells in one portion of the tubule in producing 
•a given concentration difference may be regained by those in another portion if the 
tubular fluid returns to a previous concentration. Therefore the work calculated 
for the different portions of the tubule, if the actual concentration changes in each 
portion w’ere known, would be greater than that calculated on the assumption of a 
■single-stage process. The knowledge of the actual stages of the process of urine 
formation is still too fragmentar}’- to permit the calculation of the work for each seg- 
ment of the tubule. However, one over-all division of the process of urine formation 
has become generally accepted and may be profitably discussed. It is assumed that 
the process of water reabsorption proceeds in two stages: The first in the proximal 
tubule, at a constant osmolarity, isotonic with plasma, but with a changing distri- 
bution of solutes; and the second distally, with the production of a hypertonic urine 
(14). Previously (i, 2) a dependence of urine flow and osmolarity on solute load 
which was independent of the composition of the urine has been demonstrated. The 
■character of this relation could be explained on the assumption of a constancy of the 
solute load in the distal tubule, with reabsorption of water alone taking place. The 
process of water reabsorption could be expressed in terms of load as follows: 


^ Load , „ Load 

Rpr = GFR — -7^ and Rd = V 


Oc 


Op 


(2) 


where Rp^ and Rd refer to the amounts of water reabsorbed in the proximal and distal 
tubules respectively. Op is the total osmolarity of plasma, assumed to be equal to 
that of the fluid in the proximal tubule, GFR is the amount of glomerular filtrate and 
V of urine. On the basis of these relationships calculation of the concentration of the 
solutes and the volume of fluid at the dividing point of proximal and distal tubule, 
and therefore a separate consideration of the work in the proximal and the distal 
tubule, become feasible. The concentration of a solute, as it leaves the proximal 
tubule, Upr, is given as 


Upr = 


U X Op 
Ou 



where U refers to concentration of the solute in the urine, Ou is the osmolarity of ur- 
ine and Op that of the fluid in the proximal tubule, assumed to be isotonic with plasma. 
The volume of the fluid as it leaves the proximal tubule, . Vp^, is given as 


Vpr = 


V X Ou 
Op 
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where V is the volume of the urine and the other symbols have the same meaning as. 
before. With these data on hand tlie work in the proximal tubule for a given solute 
may be calculated on the basis of equation i. The total work in the proximal tubule 
is given by the sum of the work values for all individual solutes. 

Two alternative processes may be considered for the work in the distal tubule: 
i) a process similar in nature to that in the proximal tubule. In essence, this would 
mean that in the distal tubule, as proximally, work is done on each solute independ- 
ently, varying for each constituent with its specific concentration ratio. The 
total work, varying according to the composition of the solute load, is given by sum- 
mation of the individual work values. The situation would be comparable to the 
calculation of the energy output of a series of concentration cells of different chem- 
ical composition. This assumption may be designated as the ‘chemical’ theory of 
distal work. 2) It is not the chemical composition but only the osraolarity of urine 
and plasma that determine the necessary work. The situation would be analogous 
to the work process across a semi-permeable membrane, which is permeable to water 
alone but not to any solute particle. The energy of such a process would be given 
by the same equation as previously employed, save that the total osmolarities of 
plasma and urine are used instead of the individual concentrations of the several 
solutes. The factors determining total work in the distal tubule would then be the 
ratio of the urine and plasma osmolarities and the urine flow, independent of the 
chemical composition of the solute load. This hypothesis may be called the ‘osmotic*^ 
theory for the work in the distal tubule. In general the total work value calculated 
in this way will be smaller than that based on the ‘chemical’ theory. 

At present a decision between these two theories is not at hand. But two cir- 
cumstances which are diflicult to explain by the ‘chernical’ theory’’, but are predicted 
by the ‘osmotic’ theory, are apparent: i) the existence of a maximal osmotic ceiling 
for urine at minimal flows, which is independent of its composition; and 2) the depend- 
ence during osmotic diuresis of urine flow and osmolarity on load alone, independ- 
ent of the nature of the loading solute. 

One implication of the ‘osmotic’ theory may be mentioned. It would suggest 
that water alone moves across the distal tubular wall, either in the process of reab- 
sorption for the production of hypertonic urine, or secretion during water diuresis. 
The function of the antidiuretic hormone may well be linked up with the energetics 
of this process. 

In figure 6 is depicted a graph of the relation of work and load in the distal 
tubule on the basis of the ‘osmotic’ theory. It is constructed on the assumption of 
a constant value of 0.33 Osm/ 1 . for the osmolarity of the fluid in tlie proximal tubule. 
It may be seen that the distal tubular work reaches a maximum at a load of about 
4 m. Osm/ min., corresponding to flows of 8 cc/ min. With further increase in load and 
flooding of the distal tubule the work delivered actually decreases. The total work 
in the distal tubule even at its maximum represents only a small fraction, approxi- 
mately 12 per cent, of the proximal work. 

Application to present experiments. It appears of great interest to apply the con- 
cepts discussed to the experimental material at hand. 

Before engaging in a detailed scrutiny of the data one can predict that this form 



June ip4p 


OSMOTIC DIURESIS 


379 


of calculation will result in a decreased work contribution for those solutes that are 
little or not reabsorbed in the tubule. On the other hand the work will increase for 



Fig. 6. Work vs. load in the distal tubule, calculated on the assumption of an osmolarity 
of 0.33 Osm/ 1 . for the fluid leaving the proximal tubule. 



Fig. 7. Comparison of ideal total work with proximal and distal work for 10 loading solutes. 
The work values for the individual solutes are graphed in an additive manner in bar diagrams. The 
distal work is indicated by a shaded area. Periods of maximal work were chosen for the comparisons. 


the solutes that tend to be reabsorbed extensively. In figure 7 are presented illus- 
trative comparisons between the ideal total work, and the proximal and distal work 
for 10 of the loading solutes, sorbose alone having been omitted. Periods of greatest 
work for each loading solute were chosen for the presentation. 

For the osmotic work in the proximal tubule, the volume and solute concen- 
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trations of the fluid at the junction of the proximal and distal segments of the tubule 
were calculated by equations 3 and 4. For the calculation the value Op, the osmolar- 
ity of the fluid in the proximal tubule, was calculated for each period as described 
in the footnote of table i. The method of calculating the urine osmolarity, Op, has 
been described previously (2). The value of Vp^, the volume of the fluid as it leaves 
the proximal tubule, and Upr, the concentration of a solute in the fluid, were substi- 
tuted for V and U respectively in equakon i. The total work in the proximal tubule 
was the sum of the w^orks for each solute. 

For the calculation of the osmotic work in the distal tubule the osmolarity of 
urine, Ou, and the osmolarity of plasma. Op, were substituted for U and P in equation i. 

The outstanding points in the comparison are as follows: i) the total work value 
on the whole is the same, whether it is calculated as a single-stage chemical process 
(ideal total work) or is subdivided into proximal and distal contributions; 2) the 



distal work is always a small fraction of the total which reaches a maximum at urine 
flows of about 8 cc. per minute; 3) although the proximal work value approximates 
the ideal total work, the distribution of the work among individual solutes differs con- 
siderably. The variations are in the predicted direction. In aU loading experiments 
not involving sodium salts, the sodium and the chloride work assumes a prominent 
place, while the work of the loading solute decreases. 

In figure 8 a plot of the proximal work versus urine flow for all solutes is pre- 
sented. It is evident that its pattern is entirely similar to that of figure 2 which de- 
picts the relation of the ideal total work versus urine flow. A maximum of the same 
magnitude is apparent. The conclusion appears justified that the ideal total work 
in effect represents the proximal work value. 

DISCUSSION 

The following discussion will deal with 2 items: z) a schematic presentation of 
the inter-connection between the urinary flow-load relation on the one hand, and 
on the other the renal work; and 2) the relations between the calculated work and 
the actual energy metabolism of the kidney. 
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i) Theoretical ivork for a single solnie. The general equation for renal work (r) 
may be expressed more suitably for this discussion as 

W = RT load (In U/P + P/U - i) (5) 

where W is the work, V the urinary volume, U the urinary and P the plasma concen- 
tration of a given solute, and load is equal to U X V, has 3, a priori, independent 
variables. It contains no inherent limitations for the magnitude of any of the var- 
iables, or the work value. The experimental fact that urine flow and urinary os- 
molarity are not independent of each other, but are a function of load, may be used 
to reduce the number of variables to 2, if the simplifying assumption is made that a 
single solute accounts for the entire osmolarity of urine. Then U for man may be 
expressed (2) in terms of load as 

U = 0.847 + 0.33. (d) 

Substitution of this expression for U in equation 2 permits one to define work in terms 
of load and plasma concentration alone. Actually, even under conditions of maximal 
work, as shown in the experimental part, the loading solute accounts for only about 
80 per cent of the urine osmolarity. The simplification employed qualifies the quan- 
titative applicability of the derivations but does not modify to an important extent 
the significance of the patterns. 

Another experimental datum, the e.xistence of a biological maximum of work of 
4.0 cal /min. for man, serves to delimit the biologically possible magnitude of the 
work value. 

Thus it is possible to give a schematic portrayal of the inter-dependence of W, 
load, and P in the biologic range, incorporating the determined flow-load relations 
on the basis of the assumption of a single urinary solute. A complete presentation 
would require a three-dimensional grid. Here the inter-relations are presented 
in the form of 3 graphs, in each of which 2 of the factors are plotted as continuous 
variables on the ordinates, and the third one is fixed at a series of values. 

In figure 9 work is plotted against load for a series of different assumed plasma 
levels of solute. Certain values of urine flow corresponding to the given loads are 
also indicated on the abscissa. A dotted line indicates the position of the approx- 
imate biological maximum of renal work for man. It may be seen that for low plasma 
levels the work rises steepl)'- \\dth increasing load. As the plasma level increases the 
work curves describe increasingly flat trajectories to reach the biological maximum 
at increasingly high loads. Finally at plasma levels between 100 and 150 the bio- 
logical maximum is unattainable within the limits of biologically possible urine 
flows. It is evident that once maximum work has been reached further loading 
will result only in a horizontal displacement of the work value, although plasma levels 
and urine loads increase. It is also of interest to view the values for plasma and 
urine which are coincident with maximum work from the standpoint of clear- 
ances, It may be seen that for a plasma level of i m. Osm/ 1 . ma.ximum work is 
reached at a load of i m, Osm/min. This corresponds to a clearance of 1000 cc, of 
plasma/min., obviously an impossible value. With a clearance of 100 cc., i.e., ap- 
proximately at the level of glomerular filtration, maximum work is reached for a 
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plasma level of 40 with a load of 4 m. Osm/min. These figures are of the same order 
of magnitude as has been actually observed imder conditions of loading in mannitol 
experiments. 

In figure 10 work is plotted versus plasma level for different loads. The plasma 
values are arranged in a logarithmic manner. This graph brings out the fall in work 
with increasing plasma levels and constant load, an aspect which has been stressed 
by Newburgh (15). It also illuminates the circumstance that for high plasma levels 
increase of load leads to only minor change in the work value. It is clear that the bio- 
logical maximum is unattainable for high plasma values. 



Fig. 9. Work vs. load for different plasma concentrations of the loading solute, calculated on 
the assumption of a single urinary solute. 

In figure ii is presented the third aspect of the relations. Load is plotted ver- 
sus plasma level for a series of work values. Botli variables are plotted in a loga- 
rithmic manner. This graph brings out the relationship between plasma and urine 
for constant work. The steep final portions of the graphs deserve emphasis. They 
illustrate the increasing inefiSciency of increasing loads to produce increased work at 
high plasma values. 

The theoretical impossibility to reach the biological maximum of renal work at 
high plasma levels within the knov^m limits of the load-flow relations has interesting 
impheations. It serves to e.xplain the inability to produce maximal work by loading 
with sodium or chloride, solutes normally occurring in high concentrations in plasma. 
It indicates a similar limitation for urea, which because of its tubular reabsorption, 
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and low clearance, rapidly reaches high values in plasma during loading. Finally it 
applies to pathologic conditions, where a given work value may be maintained, with 
increasing loads cleared, at the expense of high plasma concentrations. 



Fig. 10. Work vs. plasma concentration for different loads 
Fig, II. Load vs. plasma concentration for different work values 


2) Calculated work and energy metabolism. The oxygen consumption of the kid- 
neys of man under ‘resting’ conditions has been estimated by Bradley and Halperin 
(6) on a small group of subjects to be about 10 cc/min. with a range of ±4.0 cc. This 
corresponds to about 0.03 cc. of oxygen per gm. of tissue, if an average weight of 300 
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gm. is assumed for the kidneys of man. In dogs, an average value of 0.07-0.08 cc. per 
gm. (12, 17) or higher (18, 19) and an even greater variation has been reported. As- 
suming a respiratory quotient of i.o so that i cc. of oxygen corresponds to 5.0 cal., 
and as a minimum figure for the oxygen consumption, the resting value of 10 cc/ 
min., a total energy of 50 cal/min. would be available to the kidneys of man. It has 
been shown that the thermodynamic Avork of the hydropenic kidney under resting 
conditions accounts for about 0.6 cal/min. (3), a little more than i per cent of the 
total energy available. This proportion is of the same order of magnitude as has 
been measured directly in animals (ii, 12) and estimated indirectly for man (20). 
During osmotic diuresis, the thermodynamic work rises to an average maximum level 
of 4.0 cal/min., accounting at the most for 8 per cent of the total energy available, 
and probably for less. An increase in efliciency during diuresis, i.e., a relatively 
greater increase in the work compared with the oxygen consumption has previously 
been reported for the isolated kidney of dogs (13). The effect of osmotic diuresis 
on the oxygen consumption has been variously reported. Whereas early workers 
described an increase dining diuresis produced by either urea or sodium sulfate (21), 
later observers failed to find any correlation between urine flow or thermodynamic 
work and oxygen consumption (12, 13, 17, 22). On the other hand a positive cor- 
relation between oxygen consumption and blood flow was described (12, 17). Van 
Slyke el al (17) suggested that both blood flow and oxygen consumption increased 
in response to the metabolic demands of the kidney and concluded: “The over- 
whelmingly greater part of the energj’- must be utilized by the kidney for its own 
internal cellular processes not related to the external work which the organ is per- 
forming.” 

Although the conditions of the experiments cited differed considerably from 
those obtaining in our study, since all previous workers secured a copious urine flow by 
hj’-dration of their subjects or experimental animals, their main conclusion probably 
applies, namely that thermodynamic work accounts for only a small fraction of the 
total energy, and that there is little relation between the external work of the kidney 
and its metabolic demands. On the other hand the existence of a reproducible max- 
imum of thermodynamic work suggests that the calculated values reflect some aspect 
of the energy metabolism of the kidney, perhaps its actual effective external energy 
expenditure. Whether this portion of the renal energy is so small as to be obscured 
by other metabolic needs of the kidney; or whether one is dealing with a diversion 
of the energies from internal to external use, so that their sum remains constant, 
cannot be decided at present. The increase in efi&ciency during diuresis, reported 
by Eggleton el al. (13) perhaps favors the latter h3qDothesis. 

Accepting the premise of the biologic validity of the calculated data, certain 
implications of a maximum of renal work should be pointed out. In particular, the 
circumstance that the same maximum was calculated for a variety of solutes, appears 
surprising in view of the presumably widely differing renal mechanisms engaged. 

Considering first the non-electrolytes, the equality of maximal work for glucose, 
which is reabsorbed to a significant extent in the tubule, and sucrose, which is not, 
would suggest that the tubular reabsorption process contributes only a minor share 
to the total work. The work imposed by the fraction escaping reabsorption over- 
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shadows it by far, and may be quite similar among the various sugars and sugar al- 
cohols. Such an explanation does not satisfy in the case of sodium sulfate loading. 
A similarity in the efficiency of widely varying renal mechanisms may be proposed, 
or the existence of a common energy pool from which aU renal processes draw. Given 
a fixed total value of osmotic work capacity the distribution of the renal work among 
the several processes would then vary according to the type of loading solute. The 
existence of such a common energy pool, for which various renal mechanisms compete, 
would betray itself by the fact that although the total work value remains constant 
the distribution of the work among different solutes may vary with the urine flow. 
With increasing flow one would expect the contribution of the loading solute to di- 
minish and that of the sodium and chloride to increase. The experimental observa- 
tions are in agreement with this concept. A further consideration may be advanced. 
One might reason that under the circumstances of hydropenia considered, \vith water 
as the over-all limiting factor the bulk of the work consisted in abstracting water 
from the loading solutes and preserving the body electrolytes. The work considered 
in the present experiments may then have neglected other external functions of the 
kidney. 

Another question arises as to whether the maximum found in the hydropenic 
state describes the over-all osmotic work capacity of the kidney under all conditions. 
An obvious extension of the inquiry should encompass a study of water diuresis 
.and of the role of the anti-diuretic hormone. 

SUMMARY 

The excretion of solutes and the renal work under conditions of osmotic diuresis 
in man has been presented. Eleven loading solutes were administered in amoimts of 
500-2000 m. Osm/1.73 body surface. They were: glucose, sucrose, mannitol, 
sorbitol, sorbose, xylose, urea, creatinine, sodium para-aminohippurate, sodium 
sulfate and sodium chloride. 

During loading the urine flow increased widely up to 22.8 ml/min. The plasma 
osmolarity averaged 330 ± 30 m. Osm/L, while the urine osmolarity decreased. The 
concentration of the loading solute in plasma rose as high as approximately 60 m. 
Osm/i. in the case of mannitol. In the urine it averaged 330 m. Osm/ 1 . for most 
loading solutes with wide individual variations. As the urine flow rose the excre- 
tion of sodium and chloride rose proportionately, while that of potassium and phos- 
phate tended to remain constant. Sodium salts produced an increased potassium 
loss, while sulfate decreased the chloride loss. 

The calculated ideal osmotic work rose during loading to a maximum of about 
4.0 cal/min., a value which was not increased by further augmentation of urine 
flow or load or plasma level of the loading solute. The same maximum value was 
reached with all loading solutes studied excepting NaCl, NaPAH and mea. NaPAH 
was not administered in adequate amounts, but in the case of urea and NaCI, theo- 
retical reasons exist for the failure to reach maximum work. 

A subdivision of the renal work in proximal and distal portions, based on the 
observ'^ed flow-load relations of urine has been attempted. It is suggested, that 
while the proximal tubular work is essentially ‘chemical’ in nature, depending on the 
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concentration in plasma and urine of individual solutes, that in the distal tubule is 
^osmotic,' depending on the total osmolarity of plasma and urine. The proximal 
work is closely similar in magnitude to the ideal total work, although the distribution 
of the work values among the individual solutes differs widely. The distal work is 
usually a small component of the total work. The relations among the renal work, 
the plasma concentration and the urinary load under the simplifying assumption of a 
single urinary solute have been discussed and graphically presented. 
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INULESr SPACE AS A MEASURE OF EXTRACELLULAR FLUID 

MARIO GAUDINO* and MARVIN F. LEVITT^ 
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NEW YORK CITY 

T he measurement of the extracellular volume must be made with a substance 
which is completely distributed in that space but excluded from the intra- 
cellular compartment. Ideally this substance should also fulfill the follow- 
ing conditions: i) fairly rapid and uniform distribution; 2) no formation or destruc- 
tion in the organism; 3) negligible osmotic effect; 4) slow or measurable elimination 
from the body; 5) no toxicity, and 6) accurate and easy determination. 

The first attempt to measure the extracellular space ^Yas made visually iu frozen preparations 
of muscle (i) and the value obtained was 15 per cent of the total weight. The fact that the total 
quantity of chloride found in muscle, if distributed in that histological space, would be in the same 
concentration as in the plasma, led to the conclusion that all the chloride was extracellular (2). This 
assumption was extended to include the whole body, and chloride and consequently sodium were 
considered to be limited to extracellular distribution (3-9), although it has been recognized that 
sodium and chloride enter the cells to a variable degree (5, 7, 8, 10-13). Methods using these 
electrolytes ■will give volumes of distribution which are variably larger than the actual extracellular 
space. This conclusion can be extended to bromide which is distributed in the same volume as 
chloride (14, 15). Sodium thiocyanate, one of the substances most widely used for this purpose, also 
enters the cells (16, 9, 17, 18), When the above substances were used simultaneously in the dog, the 
values obtained were: thiocyanate, 35.6 per cent of body weight; radioactive sodium, 27.6 per cent; 
and radioactive chloride, 24.7 per cent (9). 

To avoid the disadvantage of the entrance of electrolytes into the intracellular space other 
substances were sought to ■which the cell membrane ■w'as impermeable. Attention was focused on 
the carbohydrates, sucrose (19), mannitol (20, 21), and inulin (13, 22). Sucrose was used despite the 
disadvantages of a rapid excretion and an incomplete urinary recovery in the dog (23) . The recovery 
of mannitol in urine is also incomplete (24, 25), indicating some utilization. 

Inulin has several advantages over any of the above substances. It is not an electrob’^te, is 
lipoid insoluble and has a large molecular weight, all circumstances that reduce the probability of its 
permeating the cellular membrane. It does not penetrate the erythrocyte (26), diffuse through the 
normal renal tubule (26, 27), or undergo concentration by the liver cells (22, 28). The circumstance 
that it is rapidly and quantitatively recovered in the urine argues against its being metabolized to 
any appreciable degree or stored in any tissue (24, 29, 30). Furthermore, it is physiologically inert 
and exerts negligible osmotic pressure (29, 3 t). It has the disadvantage of being rapidly excreted 
by glomerular filtration, which prevents uniform distribution throughout the extracellular space 
after a single injection. This fact has limited its use, when given by the customary methods, to 
nephrectomized animals (13, 22), in W'hich the volume of distribution is significantly smaller than 
the volume of distribution of chloride or thiocyanate. 

An equilibration method which permits the use of inulin for the measurement of 
extracellular fluid in normal animals and man has been reported in a preliminary 
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paper by the present authors (30) . The procedure was devised to overcome the rapid 
excretion of inulin. The purpose of this paper is to report the complete results ob- 
tained with this method and the modifications introduced to minimize the errors 
arising in its practical application. 


METHODS 

Inulin space determinations were made on normal trained, unanesthetized dogs. 
The procedure depends on the maintenance of a steady infusion which compensates 
for excretion and maintains tlie plasma level constant until a uniform concentration 
exists throughout the extracellular space. Extracellular equilibrium is more rapidly 
attained if the infusion is preceded by a priming dose, calculated for each dog accord- 
ing to the desired plasma level and expected volume of distribution. All the experi- 
ments have been done with an infusion rate less than i cc, per minute so that the 
extracellular space is not significant!}'- augmented. The constanc}'- of the infusion 
afforded by the mercury drip method has proved to be adequate and the accurac}'- of 
the measurement does not increase with more elaborate means of maintaining con- 
stant infusions. 

Once equilibrium is established, a blood sample is withdrawn, the bladder is 
emptied by catlieter and rinsed and the infusion simultaneously discontinued. The 
urine is then collected until the total amount of inulin contained in the body has been 
excreted, 5 hours in the dog, 12 hours in man (30). The quantity of inulin recovered 
in milligrams, divided by the plasma concentration in mg/cc. equals the volume of 
distribution in cubic centimeters. 

Prior to the inulin injection a control blood and timed urine sample are obtained 
for the determination of the corresponding blank corrections (inulinoid plasma blank 
in mg/cc. and urine inulinoid blank in mg/minute). 

Thiocyanate and radioactive sodium (Na--*) spaces were determined by the single 
injection metliod. Blood samples for the determination of these substances were 
withdrawn after i hour for thioc}'anate and after 3 hours for Na^L Chemical analy- 
ses were made by the method of Harrison (32) for inulin, and Crandall and Anderson 
(16) for thiocyanate. Radioactive sodium was measured with a Geiger-Muller 
counter. 


RESULTS 

Equilibralion Time. The length of infusion necessan* to insure adequate and 
uniform distribution of inulin throughout the extracellular space has been determined 
e.xperimentaUy. We consider that equilibrium is reached when any furtlier prolonga- 
tion of the infusion will not increase the inulin volume. 

Determinations were repeatedly performed in the same animal with var}nng 
durations of infusion. Twenty-one experiments in 5 normal dogs show that equilib- 
rium is obtained within 2 hours (table i, experwienls 1-21). In dog i the infusion 
was maintained for 2, 3.3, 4.5, and 12 hours respectively with no significant change in 
the volume of distribution. 

Three normal dogs were nephrectomized bilaterally and given a single injection 
of inulin. The plasma concentration was determined evei}* 20 to 30 minutes during 
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the first 2 hours, and every hour thereafter. The obser\'-ations were prolonged for 
12 hours. . The. time necessary for uniform distribution varied from i to 2 hours 
(fig. i), confirming the observations made in the normal dogs. Thiocyanate, injected 
simultaneously, reached a constant plasma concentration in 40 to 90 minutes. 

As the inulin and thiocyanate spaces were followed, it became apparent that after 
equilibrium had been established and maintained for about 6 hours, both spaces be- 
gan to increase (fig. i). It is probable that this represents a terminal pathological 
shift of intracellular water in the nephrectomized animal. The results obtained in 


TabItE I. Volumes of distribution of inulin, thiocyanate and radioactive sodium in dogs 


EXPEE. 

DOG 

BODY WT, 

INVIIN 

VOLUME OF OISTHIBUTION 
(% BODY WT.) 

Duration 

of 

infusion 

Inulin 

recovered 

Urine 

flow 

Delay 

time 

correction 

Inulin 

space 

Inulin 

' 

Thio- 

cyanate 

Sodium** 



h- 

hr. 


ceftnin. 

% ami. 
recovered 

1 . 




X 

1 

17.0 

2,0 

662 

.s 

16.4 

mgm 

19. 0 

35-5 


2 

2 

16.4 

3.3 

63s 

.8 

14. 2 


19.8 

34.3 

31.4 

3 

2 

19.0 

4-3 

lOlX 

3 .S 

2.8 

3.560 

18.7 


27.0 

4 

2 

19.0 

12.0 

967 

3-6 

2.8 

3.540 

1S.7 

34.S 

27. 5 

s 

.2 

18.0 

2.0 

362 

1.4 

6.9 

3.510 

19.5 

32.0 

31.0 

6 

S 

17. 1 

2 .S 

251 

3.8 

4.0 

3.000 

17,6 


32.4 

7 

2 

17,0 

3*0 

231 

2.2 

7.0 

3.120 

18.4 

29.9 


8 

2 

19.3 

3 .S 

784 

2.2 

4'7 

3.830 

19.8 



9 

• 2 ■ 

■ 1 ( 5.8 

■ 4.0 

sss 

1.3 

6.7 

2.940 

17. 5 

34.4 


10 

3 

iS.o 

3.3 

202 

3.7 

S.o 

3.040 

20.3 

32. 5 

26.7 

11 

■S 

iS.o 

3 .S 

167 

2,2 

6.0 

3,020 

20.x 

30.7 


12 

3 

IS. 8 

4.0 

225 

1.6 

8.0 

3.180 

20. 1 

28.5 


13 

4 

I 3 .S 

3.3 

182 

I.O 

II. 0 

2 .S 8 o 

19. 1 

23.8 

33.0 

14 

4 

13.8 

S.s 

193 

1.3 

8.3 

2.730 

19.8 



IS 

5 

13.3 

2.3 

230 

3-9 

3 .S 

2.640 

19.9 

31.6 

30.S 

16 

5 

13.0 

2.4 

250 

4.0 

3.2 

2,290 

17,6 



17 

5 

12. S 

2.8 

193 

2.3 

6.7 

2.370 

19.0 

31*2 

30.S 

18 

5 

12.S 

3-0 

329 

4.6 

3-7 

2.330 

18.2 ~ 

35.6 


19 

5 

12. s 

5.8 

303 

.6 

13*2 

2 .SSO 

20.4 

39.8 


20 

5 

12. s 

4.3 

340 

• 9 

10.3 

2.600 

20.8 

37.5 


21 

5 

11-5 

4-5 

2S0 

• 7 

IS.o 

2.470 

21.4 

40.0 


22 

6 

10.8 

3-0 

314 

1-5 

7.7 

2. 350 

21. S 

33.7 

33.7 

23 

6 

10,1 

3-1 

303 

1.9 

5.0 

1. 910 

18.9 

30.2 


24 

6 

lo.s 

3.6 

326 

1.3 

7-4 

2.050 

19.6 

33.9 

31.6 

2 S 

7 

17. S 

2.1 

380 

3.0 

4.0 

3.380 

19.3 

3S.0 


26 

8 

14-5 

3.0 

208 

.6 

JQ.O 

2.S70 

19. 8 

35.0 



the normal animal (table i, dog i) in which the inuUn infusion was maintained for 12 
hours with no appreciable increase in the inulin space supports this view. 

Delay Time. The total inulin excreted after the infusion is discontinued consti- 
tutes not only the inulin in the extracellular space but also a certain amount contained 
within tliat portion of the urinary tract between Bowman’s capsule and the bladder 
(dead space) at the instant of the cessation of the infusion. For the accurate meas- 
urement of the inulin space, the inulin in the dead space must be subtracted from the 
total recovety. This correction has been estimated in the following way. 

During the infusion, control urine collections were made at intervals of 2 min- 
utes. The infusion was then stopped at the end of one such interval, aiid similar col- 
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lections were continued for the next 10 or 15 minutes. If tlie inulin clearance is 
constant, the amount excreted per minute during the infusion is likewise constant. 



I 3 5 7 © 11 


TIME (hours) 

Fig. I. Equilibration of inulin and thiocyanate in a nephrectomized dog. The injections 
were given at time zero. The dots represent calculated spaces of distribution from determined 
plasma levels. Two other dogs showed similar curves. 

delay 

TIME ® 

(minutes) S 

4 

3 

2 

12 3 4 5 6 

URINE FLOW (cc./'minute) 

Experimentally it was determined- that the plasma level falls immediately after the 
infusion is discontinued. The time elapsing between the fall in plasma level and the 
subsequent fall in the rate of excretion is the delay time. This time in minutes multi- 
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plied by the rate of excretion in mg. per minute equals the mg. of inulin in the dead 
space. The delay time was thus measured in 4 dogs with urine flows varying from 
0.8 to 5.5 cc. per minute (fig. 2). It is clear that the delay time is inversely propor- 
tional to the urine flow, and that their product is therefore constant. This constant^ 
equivalent to about 6 cc. in the dog, is a measure of the dead space. 

The delay time is negligible when the urine flow is over 5 cc. per minute, it adds 
a s per cent error to the inulin space when the urine flow is 2.5 cc, per minute, and 
causes a larger error witli urine flows less than i cc, per minute. All tlie inulin spaces 
reported in this paper have been corrected for appropriate delay times. The average 
correction in 26 experiments witli varying urine flows amounts to 8 per cent of the 
uncorrected value (table i). 

Normal Values of the Inulin Space. The volume of distribution of inulin as deter- 
mined by the above method was measured in 26 experiments performed in 8 normal 
dogs (table i). In all instances, the infusion was maintained for at least 2 hours to 
insure complete and uniform distribution. The average corrected inulin space is 
19.4 per cent of the body weight, with a range from 17.5 to 21.8 per cent. 


Table 2. Volumes of distribution of inulin, imocyANATE and sodium^^ 

BEFORE AND AFTER TOTAL NEPHRECTOMY 


CONTROL SPACES 


Dog 

Body 

wt. 

Inulin 

Sodiums* 

1 

Thiocyanate j 

Body 
wt. 1 

■ ■ 

Inulin 

Sodiums* 

Thiocj’anate 

A 

B 

kg 

iS.o 
16. 5 

1 

1. 

3.900 

3.380 

% bfiy 
wt. 

36.0 

20.4 

1. 

4.650 

% body 
wi, 

31.0 

1 

i. 

5.640 

6.500 

% body 
wt. 

37.6 

39-4 

kg. 

13.3 

16.0 

1. 

3.460 

3.300 

% body, 

wt, 

26.0 
j 20.6 

1. 

4.390 

4.040 

% body 
wt. 

34.6 

25.3 

1. 

5. 700 
5.000 i 

1% body 

1 Wt. 

1 

43-0 

31.3 


SPACES AFTER NEPHRECTOMY 


The average thiocyanate space in these animals is 33.8 per cent of the body 
weight with a range of 25.8 to 40 per cent. The Na^^ space averages 30.4 per cent 
with a somewhat smaller scatter than seen in the tliiocyanate values. 

N ephrectomized Dogs. To corroborate the spaces obtained with the infusion 
method, control measurements of inulin, thiocyanate, and Na^ spaces were made in 
normal anesthetized dogs, and then repeated after complete nephrectomy (table 2). 
The control inulin spaces were determined with the infusion method and the post- 
nephrectomy spaces with the single injection technique. The inulin space before and 
after nephrectomy proves to be the same (table 2). 

DISCUSSION 

The method here described assures the uniform distribution of inulin throughout 
the extracellular fluid, despite its rapid excretion. 

The delay time correction has eliminated a source of error which was not consid- 
ered in the preliminary paper (30). The average inulin space so corrected proves to 

be 19.4 per cent instead of the previously reported value of 21.6 per cent of the bodv 
weight. . 

The rate of excretion of the urinary inulinoid blank varies tliroughout the day. 
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This fact may introduce an error which can be avoided by elevating the plasma level 
3- to 4-fold^, when the blank correction is reduced to negligible proportions. 

The, observations in control and nephrectomized animals coniinn the inference 
that the infusion method measures the same space in the normal animal that the 
single injection method measures in the nephrectomized dog. 

The arguments which favor the conclusion that inulin does not enter the cells 
have been mentioned above. Further, Wilde (13) has shown that in nephrectomized 
rats both inulin and sucrose, substances of vastly different molecular weights, have 
identical volumes of distribution. 

Previous methods of measuring extracellular fluid have employed substances 
which are now known to enter cells or to be partially metabolized. The circum- 
stance that the inulin space affords the lowest value of extracellular fluid yet recorded 
argues that it represents the best described approximation of that value. The onty 
other alternative would be that inulin has diffused incompletely into the extracellular 
compartment. In table i it is demonstrated that if the infusion is maintained as long 
as 12 hours, a period approximately 6 times the required equilibration time, there is 
no further increase in inulin space. It is improbable that if after 2 hours diffusion is 
incomplete, it will remain so after 12 hours. In view of our results, we believe that 
inulin is distributed, at equilibrium, throughout the extracellular fluid volume. 

Using deuterium o.xide (33, 34), the total body water in 6 normal dogs has been 
found to average 63 per cent of the body weight, range 55.7 to 74.3 (35). As calcu- 
lated by the difference between the total body water and the measurement of the 
extracellular fluid here reported, the intracellular water content averages 44 per cent, 
range 36.3 to 54.9. 

From table i it is apparent that the ratio of the 3-hour Na-^ space to the inulin 
space is approximately 3/ 2. Consequently we conclude that about one third of the 
total sodium in the dog is intracellular. 

STJiiamRY 

A new method has been devised which permits the use of inulin as a measure of 
the extracellular space, by means of an equilibrating infusion followed by the collec- 
tion of the total inulin excreted, after the cessation of the infusion. The length of 
infusion necessary to insure uniform distribution of inulin tliroughout the extracellular 
space is 2 hours in the dog. A method is described to measure the delay time wliich 
permits the correction of the total inulin recover}’-. This delay time is inversely pro- 
portional to the urine flow. The product of delay time and urine flow is constant and 
a measure of the dead space. The dead space in the dogs used is 6 cc. The average 
extracellular space of the dog is 19.4 per cent of the body weight compared to 30.4 
per cent and 33.8 per cent for the spaces of Na"^ and thioc}’-anate respectively. 
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IIATE OF ENTRANCE OF URATE AND ALLANTOIN INTO 
THE CEREBROSPINAL FLUID OF THE DALMATIAN 
AND NON-DALMATIAN DOG^ 

SANFORD 0 . BYERS and MEYER FRIEDMAN 
From the Harold Brumi Tnstilulc for Cardiovascular Research, Mount Zion Hospital 

SAN FRANCISCO, CALIFORNIA 

O BSERVERS (1-3) have reported that the concentration of urate in cerebro- 
spinal fluid (C.S.F.) is only a small fraction of that found in plasma or 
serum. The reason for this difference in concentration is unknown largely 
because of lack of precise information concerning (i) formation of the C.S.F. and (2) 
the physicochemical state of urate in the plasma. Although the weight of opinion 
(4-6) is that the blood-cerebrospinal fluid barrier possesses peculiarly selective prop- 
erties, Wolfson el al. (3) recently postulated that the C.S.F. was essentially a dialysate 
or ultrafiltrate of plasma and that the small concentration of urate in it re- 
sulted primarily because of the relatively non-diffusible state of urate in plasma. 
This latter group, moreover, interpreted (7) the low rate of renal clearance of urate 
occurring in most mammals as resulting from inability of urate to pass the glomerular 
membrane, rather than from its partial renal tubular reabsorption. 

Urate has been shown by us (8) to be diffusible through the glomeruli of the Dal- 
matian dog. In this animal, therefore, a direct determination may be made as to 
whether diffusibility of urate itself is of primary importance with regard to its en- 
trance into the cerebrospinal fluid. 

The concentration of allantoin in cerebrospinal fluid has not hitherto been deter- 
mined. This substance is the principal excretory end product of purine metabolism 
in sub-primate mammals (except for the Dalmatian dog, where it shares this role with 
uric acid), and is therefore the physiological analog of uric acid in these animals. 
We have shown (9, 10) that allantoin is freely diffusible through the glomeruli of the 
rat, dog, and man. It was therefore of interest to us to determine the extent to which 
this freely diffusible substance is present in the C.S.F., and the rate at which it enters 
that fluid. 

The results of our investigation indicate that some selective hindrance exists to 
the passage of both urate and allantoin from the plasma to cerebrospinal fluid of Dal- 
matian dogs, and a similar hindrance exists to the passage of allantoin and of in- 
jected urate from the plasma to the C.S.F. of non-Dalmatian dogs. 

METHODS AND RESULTS 

Concentration of Urate and Allantoin in the Plasma and C.S.F. of the Non-Dalma- 
tian and Dalmatian Dog. Nineteen non-Dalmatian and 2 Dalmatian dogs were 
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Studied. Samples of C.S.F. (2 cc.) were obtained by the intraspinal insertion of a 
lumbar spinal needle (20 gauge) between the second and third cervical vertebrae of 
dogs anesthetized with sodium pentobarbital. Immediately after each sample of 
C.S.F. was obtained, a sample of blood was obtained, by puncture of the femoral 
artery. 

Twenty-one pairs of samples of plasma and C.S.F. obtained from 18 non-Dalma- 
tian dogs and 8 similar samples of plasma and C.S.F. from 2 thoroughbred Dalma- 
tian dogs were anatyzed for their urate content. Ten plasma and ii C.S.F. samples 
obtained from 10 non-Dalmatian dogs and 5 similar samples of plasma and C.S.F. 
obtained from 2 Dalmatian dogs were analyzed for their allantoin content. Urate, 
allantoin and creatinine determinations were done according to previously described 
methods (8, 9). 

The average plasma urate concentration of non-Dalmatian dogs was found to be 
0.23 mg/ioo cc. (S.E. mean rfc 0.016), with a range from o.io to 0.45 mg/ioo cc. 
The average concentration of urate in the C.S.F. of these dogs was 0.24 mg/ 100 cc. 
(S.E. mean = ± 0.014) with a range of 0.13 to 0.35 mg/ 100 cc. .Although the aver- 
age concentration and range of urate in the C.S.F. of normal dogs was approximately 
the same as that in their plasma, no correlation was established between the individual 
paired samples of plasma and C.S.F. Perhaps the necessary chemical error involved 
in the analyses of such minute samples led to this seeming lack of correlation. 

The average plasma urate concentration of 2 Dalmatian dogs was 0.48 mg/ 100 cc. 
(S.E. mean = ±0.038) and ranged between 0.30 and 0.65 mg/ioo cc. for the 
8 samples. The average concentration of urate in the C.S.F. of Dalmatians was 0.24 
mg/ioo cc. (S.E. mean = ±0.027) ranged from 0.18 to 0.30 mg/ioo cc. The 
average concentration of urate in Dalmatian C.S.F. was identical with that in normal 
dogs, despite the fact that Dalmatian plasma urate concentration was twice that of 
normal dogs. The ratio of urate in plasma to urate in spinal fluid of Dalmatians 
varied from 1.6 to 3.0. 

The average plasma allantoin concentration of non-Dalmatian dogs was r.47 mg/ 
100 cc. (range; i.io to 1.85 mg/ioo cc.). The allantoin content of their C.S.F., 
however, was only 0.30 mg/ioo cc, (range: 0.25 to 0.47 mg/ioo cc.) or 80 per cent 
less than that of plasma. In the Dalmatian dogs, the average plasma allantoin con- 
centration (0.68 mg/ 100 c.) was below that of the non-Dalmatian dogs but here also 
the average allantoin concentration of their C.S.F. (0.14 mg/ioo cc.) was approxi- 
mately 80 per cent below the plasma level. 

In other words, there was a difference between the C.S.F. and plasma concentra- 
tion of both urate and allantoin of normal Dalmatian dogs, and a similar difference 
m the allantoin levels of normal non-Dalmatian dogs; this difference is maintained 
despite the fact that plasma urate in the Dalmatian and plasma allantoin in all dogs 
are in diffusible form. 

Rate of Entrance of Allantoin into the C.S.F. of Non-Dalmatinn Dogs Following 
Elevation of the Plasma Allantoin Content. Although the above results indicated that 
under normal conditions allantoin was not distributed equally between plasma and 
C.S.F. of both types of dogs, it was thought desirable to study the change in concen- 
tration of allantoin in the C.S.F. after elevation of the plasma allantoin content. 
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Five non-Dalmatian dogs were anesthetized with sodium pentobarbital. Con- 
trol blood and C.S.F. samples were taken, then a solution containing 500 mgm. of 
allantoin per 100 cc. of normal saline solution was infused intravenously at the rate 
of 3 cc. per minute. Blood samples were taken 30 minutes after the infusion had been 
started and again at the end of 90 minutes, at which time the second C.S.F. samples 
also were obtained. All samples were analyzed for their allantoin content. 

As table i demonstrates, although the average plasma allantoin concentration 
in the 5 dogs during the perfusion period was 8.90 mg/ioo cc., the average allantoin 
content of the C.S.F. at the end of the 90-minute period was only 0.68 mg/ 100 cc. as 
compared to the average initial concentration of 0.31 mg/ioo cc. Wien compared to 
the gain in the creatinine concentration of C.S.F. resulting from a similar elevation of 
plasma creatinine in other dogs, it can be seen (compare tables i and 3) that approxi- 
mately twice as much plasma creatinine had entered the C.S.F. in the same period of 


Table 1. Change in allantoin content of c.s.f. of dogs /Ifter elevation of 

PLASMA ALLANTOIN BY INTRAVENOUS INFUSION 


DOG 

PLASltA CONC. OF AXLANTOIK BEFORE AKD DURIKC 

INFUSION’ mgmjioo cc. 

C.S.F. CONC, OF ALLANTOIN 
BEFORE AND DURING INFU- 
SION mstn./xoo cc. 

Bef. 

30 Min. 

90 Min. 

Av. 1 

Bef. 

go Min. 

Ni 

l-S 

14.2 

17. 1 

10.9 

0.31 

0.69 

N2 

1. 1 

II. 6 

16.8 

9.8 

0.23 

0.59 

N3 

i-S 

10.9 

13-5 

8.6 

0.25 

0.7s 

N 4 

1.8 

8.9 

12. 1 

7.6 

0.47 

0.70 

Ns 

1-5 

II. I 

10. 0 

7-5 

0.30 

0.69 

Av 

1-5 

II. 3 

13.9 

8.9 

0.31 

0.68 


1 Equals average concentration of allantoin in plasma during entire infusion (average of the 
preceding 3 determinations). 


time. These observations suggested the presence of a selective barrier to the entrance 
of allantoin into the C.S.F. 

This relative impermeability of the blood brain barrier to diffusible plasma allan- 
toin was also shown in a second experiment in which 2 normal dogs were nephrec- 
tomized. As table 2 demonstrates, the average allantoin content of C.S.F. (3.81 mg/ 
100 cc.) in the 2 dogs 72 hours after nephrectomy was still much less than that found 
in plasma only 24 hours after nephrectomy. Likewise the creatinine content of 
C.S.F. (2. II mg/ 100 cc.) of the 2 dogs 72 hours after nephrectomy was less than half 
of that present in plasma only 24 hours after nephrectomy. However, the ratio of 
plasma creatinine to C.S.F. creatinine before and during the 72 hours following 
nephrectomy was always much less than the ratio of plasma allantoin to C.S.F. allan- 
toin. These studies indicated that there was a failure to achieve equality between 
the concentration of allantoin in plasma and C.S.F. and a similar although less marked 
failure in the case of creatinine. 

Rate of Entrance of Urate into the C.S.F. of Non-Dalmatian and Dahnalian Dogs 
Folloioing the Elevation of Plasma Urate Content. Five non-Dalmatian dogs were anes- 
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tlietized and after control blood and C.S.F. samples were obtained, they were given 
an intravenous infusion of a solution containing 500 mg. of urate, 200 mg. of cre- 
atinine, and 250 mg. of lithium carbonate per 100 cc. This infusion was given at the 
rate of 7 cc. per minute and maintained for 90 minutes. Blood samples were taken 
at 30 and again at 90 minutes, at which latter time a second C.S.F. sample was ob- 
tained. All samples were analyzed for their urate and creatinine contents. The 
same procedure w^as performed 4 times on 2 Dalmatian dogs. 

Despite the lower average concentration of creatinine maintained during the 
period of infusion (table 3) approximately twice as much creatinine (0.67 mg/ 100 cc.) 


Table 2. change in allantoin and creatinine content of plasma and c.s.f. after 

BILATERAL NEPHRECTOMY 


TIME AnXR NEPHEECTOMV 

DOG 

PLASMA 

1 

C.S.F. 

RATIO (PLASMA/C.S.P.) 

ALLANT. 

* CHEAT. 

ALLANT. 

CHEAT. 

ALLANT. 


Uotirs 


Mglioo cc. 

! Ms/ioo cc. 

■■n 


Control 

1 N6 

1-57 

! 0.58 

0. 26 

0.52 




N7 

1*94 

0.76 

0.44 

0.50 

mBk 


Average 

1.76 

0.67 

1 

0-35 

o.si 

S -25 j 

1 

[ 1-32 ; 

24 

— 

II. 8 

Bi 

mm 

1. 10 


3 -SS 


mm 

14.2 

mam 

mm 

I. II 


1 4-25 

Average j 

13.0 

4-30 

0.99 

1 

I.3I 

10.6 

3-90 

1 

.48 

N6 

18.7 

6.79 

2,17 

1.49 

9.0 

4.60 


N 7 

23.0 

7.29 

2.96 

1.62 

1 

7-4 

4.60 

Average 

20.85 

7-04 

2.57 

1.56 

S.2 

! 

4.6 

72 

N6 

25-3 

9.20 

3-54 

2.23 

7.2 

4.1 


N 7 

27.6 

9-30 

4.07 

1.98 

6.8 

i i 

: 4.7 

Average 

26.4s 

9 - 2 S 

3.81 

2. II 

7.0 

4-4 


entered into the C.S.F. of non-Dalmatian dogs as did urate (0.39 mg/ioo cc.). The 
same relative disproportion was observed (table 3) in the Dalmatian dogs. There 
seemed little question then that even the freely diffusible plasma urate of the Dalma- 
tian dog was differentially hindered in its entrance into the C.S.F. Moreover, when 
the rate of urate transfer from plasma to C.S.F. of the non-Dalmatian dog was com- 
pared with that of Dalmatian, the two were observed (table 3) to be similar, suggesting 
the ph)'sicochemical similarity of the plasma urates in each tj^ie of dog. 

Kate of Disappearance of Injected Urate from the C.S.F. of Non-Dalmatian Dogs. 
hive male dogs were anesthetized and immediately after blood and C.S.F. samples 
were obtained, i cc. of a solution containing 500 mg. of lithium urate and 500 mg. of 
creatinine per 100 cc. was injected into the cerebrospinal canal. Equal distribution 
of this solution tiiroughout the C.S.F. was attempted by rapid withdrawal and re- 



















































Volume 157 


398 SANFORD 0. BYERS AND MEYER FRIEDMAN 

Table 3. . Change in urate and creatinine content of c.s.f. of dogs after elevation op 

PLASMA urate AND CREATINtNE BY INTRAVENOUS INFUSION 


AVERAGE PLASUA 

CONCENTRATION 

DURING 

INFUSION* 

AVERAGE C.S.F, CONCENTRATION 
BEFORE AND AT END OF INFUSION 

CAIN IN C.S.F. 
URATE AND CREA* 
TININE AT END 
OF INFUSION 

Urate 

Great. 

Bcf. Inf. 

End Inf. (2) 

Urate 

Great. 




Non-Dahnalian Dogs 



ligtioo cc. 

i itglioo cc. 1 

Mg/ioo cc. 

Ml! 100 cc. 

NS 

10.9 

10. 1 

0.25 

0.60 

0.83 ’ 

1.42 

0.58 

0.82 

N9 

7-7 

7-7 

0.29 

0.64 

0 -S 9 1 

1.24 

0.30 

0.60 

Nio 

6.8 

7-7 

0.27 

0.64 

0.76 

1.31 

0.49 

0.67 

Nil 

II. 2 

S -3 

0.19 

— 

I 0.41 

— 

0.22 

— 

NI 2 

11.8 

1 

4.6 

0.24 

0.69 

i 1 

i 

1.26 

0.38 

0-57 

Av 

9.68 

1 7-°^' 

! 0 2- 
i 0-2a 

[0.64 

, 1 
0.64 

1. 31 

1 

0-39 

0.67 


Dalmatian Dogs 


LD 

8.4 

8.1 

Ba 

0.49 

0.62 

I.S 5 


1.06 

LD 

8.2 

i 7-5 


0.48 

0.42 

1.29 


0.81 

LD 

12.0 

S-8 


0.58 

0.77 

1. 13 


O.S 5 

SD 

8.8 

8.3 


0.52 

0-53 

I- 3 S 


0.83 

Av 

m 

Bl 

0.24 

0.52 

0-59 

1-33 

0.3s 

0.81 


* Equals average concentration of urate and creatinine in plasma during entire infusion (average 
of initial concentration, that after 30 minutes and that after 90 minutes of infusion). 

* Equals concentration of urate and creatinine in C.S.F., 90 minutes after infusion had been 
begun. 


Table 4. Rate of disappearance of injected urate and creatinine from c.s.f. of dogs 


DOG 

BEFORE 

INJECTION 

ATTEE INJECnOM 

30 Alin. 

60 Min. 

120 Min. 

34 Hours 

Urate 

Great. 

Urate 

Great. 

Urate 

Great. 

Urate 

Great. 

Urate 

Great. 



Ug/ioo cc . 

llglioo cc. 

Mg/ioo ce. 

Ug/ioo cc . 

N13 

0.20 

0.49 

53-4 

55-2 

37-1 

40.6 

22.9 

23-9 

— 

— 

N14 

0.30 

0.58 

38.0 

43-0 

26.0 

35-0 

19.6 

21.0 

— 

— 

N15 

0.20 

0.44 

19.6 

21.0 

13.0 

16.0 

7-4 

8.0 

— 

— 

N16 

0.34 

0.71 

42.0 

48.0 

30.0 

37-0 

18.0 

iS.o 

0.58 

0.8s 

N17 

0.28 

0.60 

31.0 

37-0 

19.0 

19.0 

II. 0 

9.2 

0.38 

0.73 

Av 

0.26 

0.56 

36.8 

40.8 

25.0 

29-5 

15.8 

16.0 

0.48 

0.79 


injection of 5 cc. of the C.S.F. 7 times by means of a syringe. Samples of C.S.F. were 
obtained 30, 60, and 120 minutes after this injection. Samples were obtained in 2 
dogs 24 hours after injection. Blood samples also were obtained at 2 and at 24 hours 
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after injection and were analyzed for urate, allantoin, and creatinine. The samples 
of C.S.F. were analyzed for their urate, and creatinine content. 

Unlike the discrepancy observed between the rates of penetration of plasma urate 
and creatinine into the C.S.F., the rate of disappearance of these substances from the 
C.S.F. after injection therein was approximately equal (table 4). It is of interest that 
even after 24 hours not all of the excess urate or creatinine had disappeared from the 
C.S.F. However, the relatively small amount of either substance entering the blood 
from the C.S.F. could not be detected, as determinations of urate, allantoin, 
and creatinine in the plasma obtained 2 and 24 hours after injection from the dogs 
showed no essential change in the concentration of any of the 3 substances. 

DISCUSSION 

Recently Wolfson ct al. (3) (assuming that C.S.F, was a modified dialysate or ul- 
trafiltrate) conjectured that plasma urate was in a relatively non-diffusible state be- 
cause of the relative paucity of urate in human C.S.F. On the basis of this latter con- 
jecture, moreover, they w'ere led to believe (7) that only a small fraction of 
total plasma urate was filtered through the glomerulus. 

Our observations, however, were not in agreement with the above views. It 
appeared that the urate content of the C.S.F. was not strictly dependent upon dialy- 
sis or ultrafiltration of diffusible plasma urate but more perhaps upon the selective 
functions of the blood brain barrier. The content of urate in the C.S.F. of the or- 
dinar)’’ dog and in the Dalmatian was the same although the plasma urate of the 
latter was twice that of the former and in a freely diffusible state (8). Moreover, 
when urate was given intravenously to these dogs, a similar degree of selective 
hindrance toward entrance of urate (as compared with the entrance of creatinine) 
into the C.S.F. was found in each type of animal, although the increased urate in 
the plasma of the Dalmatian was known to be in a diffusible state (8). 

Similarly, despite the known diffusibility of allantoin in the plasma of both 
types of dogs (9), a marked discrepancy existed between the allantoin content of 
plasma and C.S.F. either at normal or at increased levels of plasma aUantoin. This 
suggested again that the C.S.F. (in respect to allantoin also) was neither dialysate 
nor ultrafiltrate. 

Our data therefore suggest that the low concentration of urate in C.S.F. of 
man is due not to the assumed non-diffusibility of plasma urate but to the demon- 
strated selective discrimination exercised by the blood brain barrier (4-6). 

Moreover, considerable direct evidence is available that plasma urate in man 
and other animals is in a diffusible, hence filtrable state. Thus the concentration 
of urate in l3anph (ii), pleural fluid (12, 13), joint fluid (14, 15) and ascitic and 
pericardial fluid (12, 13) has been found to equal that of plasma. More importantly, 
Bordley and Richards (16) liave demonstrated that the glomerular urine of the snake 
and frog contains as much mate as their plasma. 

In mew of these observations, it would seem hazardous to consider plasma urate 
either non-diffusible or non-filtrable through the glomerulus because of its low con- 
centration in a fluid (C.S.F.) which has not been found to be either a true dialvsate 
or ultrafiltrate (4-6). 
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SANFORD 0 . BYERS AND MEYER FRIEDMAN 
SUitMARY 

The allantoin and urate concentration in the cerebrospinal fluid of both non- 
Dalmatian and Dalmatian dogs was determined. The blood brain barrier of both 
types of dogs was found to be selectively discriminator}’- against the entrance of 
allantoin. However, the concentration of urate in the C.S.F. and plasma of non- 
Dalmatian dogs was the same at normal plasma levels, but when the plasma urate 
was artificially elevated, hindrance to the entrance of plasma urate into C.S.F. w’as 
observed and to the same e.xtent as that found in the Dalmatian dogs. The state 
of diffusibility and glomerular filtrability of plasma urate in non-Dalmatian and 
Dalmatian dogs was discussed. 

The authors express their thanks to Ann Farrell and Catherine Bland for technical assistance 
in the execution of this study. 
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REDUCTION OF PLASMA POTASSIUM CONCENTRATION 
OF THE DOG BY VD^ODIALYSIS AND ITS RES- 
TORATION IN NON-VISCERAL REGIONS 

FRANCIS L. STUTZMAN and ROGER M. REINECKE 
From the Department of Physiology, University of Minnesota 
IHNNEAPOLIS MINNESOTA 

I T HAS been found possible to remove sufficient potassium by vivodialysis within 
a few hours to indicate that potassium can move from other regions to replace 
that withdrawn from the extracellular fluid (i). Since the non-visceral regions, 
composed chiefly of skeletal muscle, skin, bone and associated connective tissue, con- 
tain the greater part of the body’s potassium (2), it is of interest to determine whether 
or not they can supply potassium to sustain the concentration in the extra cellular 
fluid. To obtain evidence bearing on this question a study was made on the plasma 
potassium concentration in the arterial and femoral vein blood during the removal 
of potassium by vivodial3'sis. 

The methods were essentially those reported previously (i). Small dogs were 
used in order to increase the relative capacity of the dialyzing equipment. This 
necessitated filling the dial^^zer with heparinized blood from donor dogs before be- 
ginning the dialysis. It was also necessary to give small transfusions from time to 
to time to compensate for sampling and incidental blood loss. These were given 
into the line carrying blood to the dialyzer so that the potassium was removed before 
it reached the dog. Blood for dialysis was drawn from the vena cava by a catheter 
passed through a femoral vein and returned through a cannula tied into a tributai^'’ 
of an external jugular vein. Arterial samples were taken from a i mm. O.D. poly- 
ethylene catheter (obtainable from Anchor Plastics Co., New York City) in the 
ipsilateral femoral artery and femoral vein samples from a similar catheter passed 
into the contralateral femoral vein in the distal direction. These catheters were 
passed into the respective vessels through needles introduced obliquely through the 
exposed vessel wall. When the needles were stripped off there was no serious bleed- 
ing. The catheters did not seem to interfere with blood flow. In two animals the 
intestinal mesentary was exposed by a short midline incision into the belly, and a 
slender polyethylene catheter was passed through one of the intestinal veins into 
the portal vein. The essential circumstances of each experiment such as the size 
of the animal and the extent of the dialysis are shown in table i. 

RESULTS AND DISCUSSION 

^ More extensive removals of potassium relative to the size of the animal were 
achieved than in the earlier study (i). (table i). These potassium removals effected 
substantial reductions in the arterial plasma potassium level (fig. i). In some in- 
stances th ese ranged below the values reported in hypopotassemia due to potassium- 
Received for publication Rlarch 7, 1949. 


401 



402 


FRANCIS L. STUTZMAN AND ROGER M. REINECKE 


Volume isy 


deficient diets (3) or the treatment of diabetic coma with insulin (4), Only in pa- 
tients suffering from periodic familial paralysis and given insulin or glucose have 


Table i 


ZXFES. 

\VEIGIIT 

PUMP PATE 

VOLUME OF 
DIALV 21 NG 
FLUID 
USED 

ELAPSED 
TIME OF 
DIALVSIS 

EXTRA BLOOD 
GIVEN I 

( 

TOTAL K 
IK DIA- 

1 

K EE- i 
j MOT-TD 1 
! rEoit DOC i 

1 

^ K IK EX- 
I TEACEL- 
LULAR FLUID 
j INITIALLY 

1 

1 

Blood 

1 

1 

Dialyz- 

ing 

fiuid 

Volume 

1 

Plasma 

K 

content 

: LVZIKO 
FLUID 


hg. 

cdmin. 

i. 

mitt. 

cc. 

mg. 

mg. 

mg. \ 

mg. 

I cf 

10.9 

93- 98 

239 

SI -9 

219 

350 

30 

723 

693 

1 513 

11 9 

7.2 









1 

in cf 

8.8 

97-103 

267 

69.1 

262 

500 

S3 

1099 

1046 

470 

IV 9 

10.3 

86- 97 

239 

88.5 

461 

400 

41 

1523 

1482 

515 

V 9 

10. 0 

54-102 

232 

94.0 

429 

880 

no 

1656 

1546 

429 

VI 9 

10. 0 

90-101 

219 

87.5 

399 

600 

75 

1482 

1407 

459 


Elapsed time of dialysis includes the time during which dialysis was interrupted. The potas- 
sium in extracellular fluid initially was calculated by multiplying the initial concentration in the 
plasma by 30% of the animal’s weight. The potassium removed from the dog equals the total 
amount in the dialyzing fluid minus that in the plasma of the extra blood given. All of the animals 
were allowed to fast for about 2 days prior to dialysis. 


Fig. I. Dogs tore u^’DER sodium: pen- 
tobarbital ANESTHESIA and heparinized in 
all instances. In experiment /, the blood was 
both drawn and returned to the posterior 
vena cava. Although the return was proxi- 
mal, yet the pump rate for blood was suffi- 
cientlj' great to cause retrograde flow in the 
vena cava and sufncient recirculation to re- 
duce the efBciency of dialj'sis in the smaller 
size of dog. The last samples taken in all ex- 
periments were agonal. Arterial: solid lines, 
solid circles; femoral vein: broken lines, solid 
circles; portal vein: broken lines, open circles. 
Horizontal bars indicate the periods during 
which the dialj-zer was operating. 



equall}’- low values been found (5). The evaluation of this finding, however, would 
necessitate a comparative study of the methods used in determining potassium. The 
predialysis values, however, were within the range found by others (6) for dogs under 
sodium pentobarbital anesthesia. 
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The femoral vein plasma potassium was sustained at a level distinctly higher 
than tlie arterial during the period when this was reduced by potassium removal. 
The difference was so large and maintained over such prolonged periods that blood 
flows so small as to be unlikely must be assumed in order to explain it on any basis 
other than the movement of potassium into the extracellular fluid within the region. 
Skeletal muscle, skin, bone and erythrocytes may be considered as possible sources 
of this potassium. Since both tlie total amount and the concentration of potassium 
in the .erythrocytes in the body of the dog are- small (7), they seem to be unlikely as 
a source. Conversely because of both the high concentration and the large total 
amoimt withm skeletal muscle, this tissue must be considered first among likely 
sources of potassium (2). The result reported here is in accord with earlier, studies 
in which it was found that the hind limbs of the frog would give up potassium to a 
perfusing fluid poor in potassium (8). 

Several factors have been found to affect the plasma potassium concentration (9). 
Some one or combination of these probably was responsible for the fluctuations ap- 
pearing in the femoral vein concentrations. An agonal rise, probably on the same 
basis, was apparent in most of the experiments. 

The smaller arterio-venous increases found in the portal vein samples may in- 
dicate relatively as great a mobilization of potassium from the viscera drained as 
from the hind limb if the difference in the rate of blood flow is taken into account (10) 

SimiARY 

The arterial plasma potassium level of the dog was substantially reduced by 
vivodialysis. Concurrently there was a definite arterio-venous increase in the plasma 
potassium concentration of blood flowing through the hind limb. 

REFERENCES 

1. Reinecke, R. M., C, R. HoLt/VND AND F. L. Stutzman. Am. J. Physiol. 156:290, 1949. 

2. Shohl, a. T. Mineral Mctalolism. New York: Reinhold, 1939. 

3. Heppel, L. a. Am. J. Physiol. 127: 385, 1939. 

4. ' Nicholson, W. M. and W. S. Branning. J.A.M A. 134: 1292, 1947. 

5. Axlott, E, N. and B. JIcArdle. Clin. Sc. 3: 229, 1938. 

6. Mdllin, F. j., j. Dennis and D. B. Calvin. Am. J. Physiol. 124: 192, 1938. 

7. Kerr, S, E. J. Biol. Chem. 117: 227, 1937. 

8. Mond, R. and K. Amson. PJliiger’s Arch, 220: 69, 1928. 

9. Fenn, W. 0 . Physiol. Rev. 20: 377, 1940. 

10. Barton-Opitz, R. Quart. J. Exper. Physiol. 4: 113, 19x1. 



CREATINURIA FROM GUANIDOACETIC ACID INGESTION 
AND ITS RELATION TO THE SITE OF ACTION OF 
METHYLTESTOSTERONE' 

E. A. H. SIMS 

From the Department of Internal Medicine, Yale University School of Medicine 

NEW HAVEN, CONNECTICDT 

I N NO experiments in which creatine has been administered to man or other ani- 
mals has the administered creatine been recovered quantitatively either as 
creatine or creatinine (i, 2). Three explanations for the apparent loss of ad- 
ministered creatine have been offered: i) that it may be converted to some compound 
other than creatine, 2) that it may be partly destroyed in the intestine by bacteria, 
and j) that it may retard the synthesis of creatine in the body. The first hypothesis 
is discredited by the experiments of Bloch and Schoenheimer (3) and du Vigneaud (4) 
with isotopic creatine. The second hypothesis, emphasized by Bodansky (5), has 
been tested only under limited conditions. Recently in this laboratory a subject, 
whose tissue-creatine had been labled with N*®, ingested large quantities of non- 
isotopic creatine (6). The ingested creatine could not be accounted for in either the 
tissue depots or the excreta. It appeared that during and for approximately 10 days 
after the ingestion of creatine the synthesis of endogenous creatine was greatly 
retarded. 

In keeping with this inference the excretion of guanidoacetic acid, the precursor 
of creatine, increased. To account for the total deficiency in the production of 
creatine it was suggested that guanidoacetic acid is not entirely converted to creatine. 
Studies of the effect of methyltestosterone, however, indicated that this compoimd 
accelerates the synthesis of guanidoacetic acid, which in turn is methylated to crea- 
tine (7, 8). Creatinuria appears when the capacity of the tissues to store creatine is 
exceeded. The results of the two sets of experiments seemed to be contradictory. 
If the presence of an excess of creatine inhibits the methylation of guanidoacetic acid, 
the synthesis of endogenous creatine should be reduced to minimiim when the tissue 
depots are satmated with creatine. To resolve the conflict it is necessary to postu- 
late either that methyltestosterone accelerates the methylation as well as the synthesis 
of guanidoacetic acid or that there is an alternate route for the disposition of excess 
creatine in the body. 

In the present experiments tolerance to guanidoacetic acid was studied before 
and after ingestion of creatine to determine whether its methylation was in fact re- 
tarded by excess creatine. The conversion of guanidoacetic acid to creatine was also 
studied after the tissues had been loaded to capacity with creatine. Under these 
conditions there was no significant evidence that the conversion of guanidoacetic acid 

Received for publication February 23, 1949. 
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to creatine was retarded. In fact, it has been possible to simulate the creatinuria of 
methyltestosterone simply by administering guanidoacetic acid. In addition it has 
been foimd that in man an increase in reabsorption of creatine by the tubules of the 
kidneys is associated with a reduction in reabsorption of guanidoacetic acid (9). 
This provides an alternate explanation for the increased excretion of guanidoacetic 
acid during administration of creatine. 

PROCEDURE 

The author served as subject and, except during periods in which large quantities 
of creatine were ingested, received a diet free from creatine, which contained an 
average of 90 gm. of protein and calories adequate to maintain weight. This was 
supplemented with 250 cc. of milk per day. To simulate physiological conditions as 
closely as possible when creatine or guanidoacetic acid (GAA) was ingested over the 
periods indicated in the figures, the quantities were divided into 16 portions which 
were taken in capsules at hourly intervals. In the case of daily quantities greater 
than 2.5 gm. 32 portions were taken at half-hour intervals over the same period. 
Twenty-four-hour urine collections were terminated with the over-night specimen 
approximately at the same hour each day, and all values were corrected to the quan- 
tity excreted per 24 hours. When GAA tolerance tests were made, 1,5 gm. were in- 
gested in 5 equal hourly doses at the beginning of the collection period. Single blocks 
in the figures extending over several days represent instances in which daily urine 
collections were pooled by taking aliquots proportional to their volumes in order to 
prevent summation of analytical errors. When single daily urines were analyzed 
there was considerable fluctuation in the values for creatine. Since each low value 
was followed by a correspondingly high value and the averages showed a high degree 
of consistency, it is assumed that the fluctuations were due to incomplete voiding of 
the concentrated overnight urine. 


METHODS 

The analytical methods for GAA and for creatine and creatinine have been de- 
scribed in detail in a previous paper (g). All values given for creatine were corrected 
for GAA present in the samples and vice versa. To minimize spontaneous conversion 
of creatine to creatinine urine specimens were kept at 4° after collection and were 
analyzed with minimal delay. During the period in which 10 gm. of creatine were 
ingested daily, the urines were kept frozen until analyzed. Thymol was used as pre- 
servative, and analyses were done before bacterial growth was evident. All urines 
were extracted with chloroform after dilution to remove traces of protein before 
analysis for GAA. The GAA was synthesized by the method of Nencki and Sieber 
(10) and gave theoretical values for nitrogen on analysis. 


CALCULATIONS 


In previous studies on the same subject over a period of several months the frac- 
tion of the body creatine excreted as creatinine per day was found to be 0.0164 (6). 
Therefore, in estimating changes of body creatine, the average daily creatinine excre- 
tion, expressed as creatine, during the last 4 days of each period has been divided by 
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this factor. -rThe average basal excretion of GAA for this subject was 100 mg; per. day. 
In calculating the recovery of ingested GAA, this quantity- has been subtracted-from 
the daily excretion to give the excess GAA excreted. Creatine or GAA excreted as 
excess creatinine.has been calculated ;by subtracting the average basal creatinine ex- 
cretion of the subject, 1.96. gm. from the total daily excretion, all values for creatinine 
being ejqjressed as the creatine equivalent. When hea\y creatinuria was present, 
spontaneous conversion of creatine to creatinine during the interval between collec- 
tion of urine and analysis may make this value somewhat higher than the actual 
value, but this increment is exactly balanced in the analytical procedure by the con- 
comitant .reduction in the values for creatine. 



TIME IN DAYS 

Fig. I. Tolerance to guanidoacetic acid before and after ingestion, of creatine. The 
initial level of creatinine excretion is indicated by the dotted line. 


RESULTS 

In figure i are shown the results of a series of GAA tolerance tests made before 
and after the ingestion of 24 gm. of creatine over a 5-day period. This experiment 
was designed to duplicate the previous study made in this laboratory in which a simi- 
lar amount of creatine was given to the same subject after the tissue creatine had been 
labeled with N-15. A slightly smaller quantity, 19.4 as opposed to 22.6 gm., of 
creatine was retained than in the previous experiment. This may be explained by 
the fact that the subject had been on a diet free of creatine for a shorter period prior 
to the experiment. Since the previous studies had suggested a retardation of creatine 
synthesis during and following the ingestion of the non-isotopic creatine, it was ex- 
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peefed that GAA g^ shortly after'.the creatine mgestion.AYOuld' a^ larger 

amount in the urine. Such was in fact the. case; twice as much GAA in excess 6'f the 
basal excretion appeared in the urine when tolerance tests were made after the creatine 
ingestion as before. But the results of subsequent tolerance tests were inconsistent 
in several respects with the conceipt that creatine s3aithesis was retarded. Succes- 
sive' tests made on the 9th to the 15 th days following the creatine ingestion showed 
successively decreasing instead of increasing tolerance during the time when it would 
be expected from previous data that endogenous synthesis would have returned to 
initial values. In additionj the creatinine excretion remained elevated for as long as 
GAA continued to.be ingested. From an initial value of 1.69 gm,.the daily creatinine 
-output was elevated to an average of 1.82 gm. during the period immediately follow- 
ing tlie creatine ingestion; ' From the 12th to the 20th day following the creatine 
ingestion this averaged 1.82 gm. per day. Previous data had shown that creatinine 
excretion and the tissue, creatine from which it is derived would -normally have re- 
turned almost to the initial value by the end of this latter period. Thus it is inferred 
that a large portion of the 9 gm. of GAA given in the.tolerance tests subsequent to the 
creatine ingestion was methylated to form creatine. 

Before testing this inference further, the subject’s tissues were first saturated 
with creatine by the ingestion of 90 gm. over a period of 9 days. Of this quantity 33 
gm. were retained. Creatine ingestion was then continued at the rate of i gm, per 
day. Even this small quantity taken in 60-mg. portions at hourly inten'-als was 
found sufi&cient to sustain a minimal but definite creatinuria. Serum creatine like- 
wise was elevated to a value of 0,85 mg. per cent at the end of the 57th day, 8 hours 
after the last 60 mg. dose of creatine. Thus a portion of any creatine formed from 
■exogenous GAA would be expected to appear in the urine. After the creatinuria had 
approached a basal quantity, 1.5 gm. of GAA were added to the 1,0 gm. of creatine on 
the S2nd, 54th and sSth days. As is shown in figure 2 on each occasion the excretion 
of creatine was significantly increased. On the 63rd day 2,5 gm. of GAA alone were 
substituted for the creatine ingested. Creatinuria persisted and gradually increased 
to over 0.5 gm. by the 8th day after starting the ingestion of GAA alone and averaged 
0.62 gm. for the latter half of the period. The creatinine excretion did not faU during 
this time, which suggests that the creatine of the urine was not derived from the 
tissue depots. The average daily creatinine excretion from the 58th to the 62nd day, 
when creatine alone was ingested was 1.89 gm.; that during the last 13 days of GAA 
ingestion was 1.96 gm. Since the creatinuria was greater during this latter period, 
it is possible that a part of this apparent increase may represent spontaneous conver- 
sion of creatine to creatinine. In the presence of over 10 times as much urinary crea- 
tine on days 39 through 47, however, creatinine values did not exceed 1.97 gm. daily. 
The constant ingestion of GAA with production of creatinuria withdraws methyl 
groups from the body. To determine whether this depletion of labile methyl was a 
factor limiting the quantity of creatine formed from the GAA, the dietary protein 
was restricted to 60 gm, per day during the first ii days of GAA ingestion. Six gm. 
of DL-methionine were added to the diet during the last 2 days to provide a source of 
methyl groups. The creatinuria did not change during this latter period, the 72nd 
and 731'd days shown in figure 2. 
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Fig. 2. Production or creatinuria from ingestion of guanidoacctic acid. The initial level of 
creatinine excretion is indicated by the dotted line. On the morning of the 58th day serum aeatine 
■was 0.8s mg.% and serum creatinine 1.4 mg.%. 


Table i. Recovery of ingested creatine and guanidoacetic acid 


PERIOD 



I 

Days 1—38 

II 

Days 39-62 


Total 
Days 1-82 


i 

gm. 

gm . 

gm . 

gm. 

Creatine ingested 

24.0 

104.9 


128.9 

Guanidoacetic acid ingested 

16.8 

4.9 


77-7 

Total intake 

40.8 

109.8 


206.6 

Creatine excreted 

4.8 

61 . 5 

9.9 

76.2 

Guanidoacetic acid excreted in excess of basal excretion 





of loomg/day 

4.4 

2.4 

10.2 

17.0 

Creatine excreted in excess of basal excretion of 1.69 





gm/day 

4.3 

6.3 

6.0 

16.6 

Estimated increase in body creatine based on creatinine 





excretion (see text) 

S-o 

9 -S 

1 .0 

i 5 *S 

Total creatine and/or guanidoacetic acid accounted for: 





Total 

18.S 

79-7 

27.1 

125-3 

Percent 

45 

73 

48 

61 

Grams per day of ingested creatine or guanidoacetic acid 





not accounted for 

0-59 

1 . 26 

1.44 

0.99 


All values for creatinine and guanidoacetic acid are expressed as the creatine equivalent. 
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Since Bodansky (5) and Twort and Mellanby (ii) had isolated from intestinal 
contents Gram-positive bacteria capable of rapidly destroying creatine, the subject 
took sulfathalidine for a 3-day period in an attempt, during GAA ingestion, to aug- 
ment the creatinuria. This did not change, as can be seen during days 79 to 82 of 
the same figure. 

In table i is given the over-all balance between ingested and excreted creatine 
and GAA, together with an estimation of changes in body creatine. The method of 
calculation is described above. Of the total intake 39 per cent cannot be accounted 
for or recovered. The study has been divided into three periods. In Period I (days 
1-38, corresponding to fig. i) during which 24 gm. of creatine were ingested and GAA 
tolerance tests were done, 45 per cent of the ingested compounds could not be ac- 
counted for. In Period II (days 39-62 of fig. 2) 105 gm. of creatine and 5 gm. of GAA 
were ingested. The greater part of the large quantity ingested during the first 9 
days was excreted directly as creatine so that the percentage accounted for was high 
(73%). But of the 43.4 gm. of creatine actually retained only 31 per cent was 
accounted for. In Period III (days 63-82 of fig. 2), only GAA was ingested. Of the 
45.8 gm. of GAA, expressed as creatine, which was not excreted directly as GAA, 9.9 
gm. were excreted as creatine; there was an apparent increase in the tissue creatine 
of i.o gm., and 6 gm. of extra creatinine were excreted. Thirty-seven per cent of the 
retained GAA was accounted for. The fact that in the preceding period the recovery 
of creatine itself was incomplete suggests that the actual quantity of GAA converted 
to creatine may have been greater. 


DISCUSSION 

During the latter two periods of the above experiment the body creatine was at 
or close to the maximum value for the subject. An average of 1.26 gm. per day of 
creatine could not be accounted for during the second period, when creatine was in- 
gested uninterruptedly. To account for this discrepancy on the basis of an inhibition 
of GAA methylation to creatine, there would have to be roughly a 65 per cent inhibi- 
tion of the methylation of the 1.9 gm. of endogenous GAA synthesized per day. 
However, in the present study a creatinuria of from 0.5 to 0.9 gm. per day was pro- 
duced by the ingestion of GAA under these conditions, and 37 per cent of the GAA 
not excreted as such could be accounted for as creatine or creatinine. When creatine 
itself was ingested in the preceding period, 31 per cent of the comparable amount 
which was retained could be accounted for. The calculations are certainly only ap- 
proximations, but they suggest that there was no essential difference in the manner 
in which the two substances were metabolized. If GAA were diverted under these 
conditions to a metabolic pathway other than the formation of creatine, one would 
expect on comparing a period of creatine with one of GAA ingestion to recover much 
less of the GAA than of the creatine. The findings are consistent with a conversion 
of a major portion of the retained GAA to creatine. 

^ The rise in GAA excretion which occurs when creatine is ingested can be ex- 
plained on the basis of a competition by the two substances for renal tubular reabsorp- 
tion (9). The creatinuria from GAA ingestion, however, cannot be explained on this 
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basis for two reasons. Administration of GAA during clearance studies did not 
reduce the reabsorption of creatine by the renal tubules (9). Moreover, under the 
conditions of the present e.xperinient creatinine excretion increased or remained con- 
stant during the periods of GAA ingestion, suggesting that the body creatine was not 
decreased. 

The metabolic fate of that portion of administered GAA or creatine which has 
not been accounted for by balance or isotope studies remains obscure. The answer 
may lie in the possibility emphasized by Bodansky (5) that a portion of the creatine 
transported to or formed in the liver is secreted with the bile and is thus subject to 
bacterial destruction in the intestines before reabsorption. In his experiments on 
rats he showed that after a single loo-mg. dose of GAA the creatine of the intestinal 
contents determined by the enzymatic method was increased five times above normal 
values at 12 hours and remained double the normal value at 24 hours. It seems pos- 
sible that the small amounts of N-15 recovered in the urinary ammonia after feeding 
labeled creatine to rats (3) and to man (6) is derived from creatine destroyed in the 
gut. There is evidence suggesting that the liver serv-^es as a primarj'- reservmir for 
exogenous creatine before its more gradual transfer to muscle (6). With greater than 
physiological quantities, a larger proportion may thus be subject to excretion in the 
bile and subsequent bacterial destruction. That a larger quantity of N-15 is recov- 
ered in the urinary ammonia and urea on administering comparable quantities of GAA 
to man (6) might be explained by the fact that GAA must first be converted to crea- 
tine in the liver, whereas exogenous creatine may directly enter muscle. Since the 
organisms capable of destroying creatine which were described by Twort and Mel- 
lanby (ii) and by Bodansky (5) are anaerobes and possibly not inhibited by sulfona- 
mides, the negative results with sulfathalidine in the present experiment is not 
conclusive. 

During these experiments the maximum creatinine e.xcretion averaged over any 
5-day period following creatine ingestion was 2.00 gm. per day. Assuming that the 
subject excreted the same proportion of his body creatine as during the previous iso- 
tope experiments, or 1.64 per cent, this would correspond to a total body creatine of 
approximately 140 gm. This represents a 20 per cent expansion of the initial body 
creatine and appeared to be the maximum for the subject. 

In 1921 Gibson and Martin (i 2) noted an increase in apparent creatinuria during 
one day in which GAA was fed to a child witli muscular dystrophy. Similarly, in this- 
laboratory we have produced creatimnia by feeding GAA to a patient with myotonia 
atrophica who had shown inability to retain administered creatine (13). In the- 
present study creatinuria has been produced by administration of GAA to a normal 
subject. This is compatible with the concept tliat methyltestosterone produces its- 
effect on creatine metabolism solely by accelerating the syntlresis of guanidoacetic 
acid. 


SUMMARY 

In experiments during which creatine and guanidoacetic acid were ingested by 
a normal subject no evidence was obtained suggesting that methylation of guanido- 
acetic acid to form creatine is retarded when an excess of creatine is present. It was 
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possible to produce a substantial creatinuria by the administration of guanidoacetic 
acid alone, thus simulating the effect of methyltestosterone on creatine metabolism. 
This suggests that the sole action of methyltestosterone on creatine metabolism is in 
acceleration of guanidoacetic acid synthesis. 

The author is indebted to Dr. J. P. Peters and to Dr. H. D. Hoberman for valuable advice 
and criticism. 
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EFFECT OF MAMMALIAN (POSTERIOR LOBE) PITUITARY 
EXTRACT ON WATER BALANCE OF FROGS YTIEN PLACED 
IN DIFFERENT OSMOTIC ENVIRONMENTS' 

W. C. STEWART 

From ilte Department of Physiology and Pharmacology, University of Alberta 

EDMONTON, ALBERTA, CANADA 

T he frog lives in a hypotonic environment, while maintaining body fluids 
of considerable osmotic activity. There is an osmotic gradient between the 
external water and the internal body fluids, which tends to force water into 
the tissues. At the same time, the frog skin is an important respiratory membrane 
which must be permeable to gases. This also makes impermeability to water improb- 
able. The frog skin is in fact somewhat permeable to water, which continually flows 
into the frog’s tissues (i). 

The continual dilution of the internal environment is amended by excretion of a 
large volume of very dilute urine (2). Osmoregulation is attained b}’’ a balance be- 
tween these two processes. Under normal conditions the skin offers a resistance to 
the inward passage of water (3), which spares the necessary osmotic work otherwise 
imposed on the kidney. 

Several factors are known to disturb the w’ater balance of frogs living in water. 
Low temperature (4), anaesthesia (5, 6), destruction of part or all of the central nerv- 
ous system (7), and flaying (5) all cause an increase in body water. 

Large doses of mammalian posterior lobe pituitary extract cause summer frogs 
to gain about 20 per cent in weight in 3 hours. The weight then declines to normal 
or lower in about 12 hours (8). The hormone responsible is probably different from 
either the vasopressor or oxytocic principles, although associated with the latter. 
The hormone is more abundant in the lower vertebrates than in mammals, and has 
been described in extracts of crustacean eye-stalks (9, 10). 

Pituitary extract increases the rate of weight gain of frogs in which the escape of 
urine is prevented by anal ligatures (ii). Therefore the effect is due (at least par- 
tially) to an increased rate of influx of water compared wdth normal. The extract 
seems to lower the resistance of the skin to the inw^ard diffusion of water. Reports 
also exist which indicate that pituitary extract inhibits w'ater loss in the frog (12). 

This investigation concerns the effect of posterior lobe pituitary extract on the 
W’ater balance of frogs when placed in different osmotic environments. 

METHODS 

Frogs {R. pipiens) were taken at random from storage tanks. They were 
weighed roughly to the nearest o.i gm. and arranged in order of increasing weight. 
Alternate frogs were then assigned to experimental and control groups. This bal- 
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anced the body weights between the groups, and eliminated a source of variation. 
There were usually 10 frogs in each group. 

In some experiments purse string sutures were tied through the perianal skin. 
This usually prevented the escape of urine. Occasionally a leak developed, and the 
frog was discarded from the e.xperiment. By tliis procedure the urine was weighed 
with the frog, and the results obtained then referred only to the rate of exchange of 
water through the skin. 

A commercial mammalian posterior lobe extract was used throughout (Pituitrin 
S., Parke, Davis). This extract contains botli vasopressor and oxytocic principles. 
The dosage was chosen to give a maximum increase in body weight, according to the 
dosage-response curve of Boyd and Young (13). This was i.o i.u. per 10 gm. of body 
weight, by injection in the dorsal lymph sac. 

The osmotic emdronment was varied by placing the frogs in sucrose solutions of 
three different concentrations. Sucrose was used for two reasons: i) since frog skin 
actively transports a number of ionized substances, a non-electrolyte was desirable; 2 ) 
the frog skin is probably relatively impermeable to sucrose. 

Three levels of osmotic activity were used: hypotonic, isotonic and hypertonic. 
The hjpotonic solution used was simply distilled water. In this case the osmotic 
gradient forces water inward, and' is equal to the osmotic activity of the frog tissues. 
The osmotic activity of the internal environment of the frog is about o.43®C. (14) 
corresponding to a pressure gradient of 5.2 atmospheres. 

Isotonic sucrose was taken to be 0.23 molar. In this solution, the osmotic gra- 
dient across the frog’s surface is approximately zero. 

The hypertonic solution of sucrose was made up to 0.46 molar, just twice the 
isotonic concentration. This approximately reverses the normal osmotic gradient, 
and forces water outward from the tissues into the solution. The frogs were kept in 
100 cc. of the appropriate solution, in individual jars with perforated tops. The size 
of the jars was such that a frog in a sitting position could keep the external nares at the 
surface of the solution. 

Weighings were performed at suitable intervals after the beginning of the experi- 
ment. For weighing, a frog was removed from the solution, and dried lightly on a 
towel. The urine was expressed in the case of a normal frog. If an anal ligature had 
been placed, it was inspected for leaks. The frog was then weighed to the nearest o.i 
gm. on a beam balance, and replaced in the solution. 

RESULTS 

The weight changes observed were expressed as percentages of the original weight 
of the frog at the beginning of the experiment. The mean percentage weight in- 
creases are plotted against time in figures i to 6. 

Figure i shows the weight-time curves for frogs in distilled water, with and with- 
out the injection of pituitary extract. The extract caused a typical transient weight 
gain, followed by a return toward normal. The controls lost weight slightly, prob- 
ably related to the handling of the frogs. 

Figure 2 shows the result of the same experiment, with anus-ligated frogs. The 
controls (ligature only) gained weight at the rate of 1.8 per cent of body weight pe«- 
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hour. This represents the normal rate of influx of water into the frogs and the nor- 
mally equal rate of excretion of urine. Pituitary extract increased this normal rate of 



Fig. I. Mean WEIGHT CURVES foe nor- 
mal FROGS in water, with and without the 
injection of i.o i.u. of mammalian pituitary 
(posterior lobe) extract per lo-gm. body 
weight. 



Fig. 2 . Mean weight curves for 

FROGS WITH ANAL LIGATURES, in Water, with 
and without the injection of i.o i.u. of 
mammalian pituitary (posterior lobe) extract 
per lo-gm body weight. 



Fig. 3. Mean weight curves for normal frogs 
in isotonic sucrose solution, with and without the injec- 
tion of 1.0 I.u. of mammalian pituitarj- (posterior lobe) 
extract per lo-gm. body weight. 


influx to about 7.5 per cent of body tveight per hour. ^Mien the ligatures w'ere cut, 
there was a prompt and marked loss of urine. 

Figure 3 shows the weight-time curve for frogs in 0.23 molar sucrose solution 
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(isotonic), with and without pituitary extract. In the controls there was a rapid loss 
of weight in the first 2 hours, after which the weight became constant. The pituitary 


Fig. 4. Mean weight curves tor frogs with 
ANAL LIGATURES, in isotonic sucrose solution, with and 
without the injection of i.o i.u. of mammalian pituitary 
(posterior lobe) extract per lo-gm. body weight. 



CONTROLS 

VlTUlTRIM 


IJl ^ 

HOURS 


Fig. s- Mean tVEiGHT curves for normal frogs 
in hypertonic sucrose solution, with and without the 
injection of i.o i.u. of mammahan pituitary (posterior 
lobe) extract per lo-gm. body weight. 



Fig. 6. Mean weight curves for frogs with 
ANAL LIGATURES, in hypertonic sucrose solution, with 
and without the injection of 1.0 i.u. of mammalian 
pituitary (posterior lobe) extract per lo-gm. body 
weight. 



extract retarded this weight loss, although the final result was the same within experi- 
mental error Figure 4 shows the , result of the same experiment with anus-ligated 

rogs. In this case there was no appreciable weight loss, and no change due to pitui- 
tary extract. . 
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Figure 5 shows the result when the normal osmotic gradient was reversed by 
placing the frogs in 0.46 molar sucrose solution. The weight loss was rapid, about 
3.5 per cent of body weight per hour. Injection of pituitary extract caused no sig- 
nificant difference in the rate of weight loss. Figure 6 shows the result of the same ex- 
periment in anus-ligated frogs. The curi^es are practically identical with those of 
figure 5, i.e. neither anal ligature nor pituitary extract changed the rate of weight loss 
of frogs in 0.46 molar sucrose solution. 

DISCUSSION 

Consider first the water exchanges of frogs when subjected to the three levels of 
ambient osmotic activity: a) h}^otonic, b) isotonic and c) hypertonic. 

Hypotonic. For a normal frog in water, a steady state is attained when the influx 
of water through the skin is balanced by the excretion of urine. If the anus is blocked 
by a ligature, the weight increase over the next few hours is a measure of the normal 
influx and loss of water through the frog. From figure 2, this is found to be approxi- 
mately 1.8 per cent of body weight per hour. This rate depends on 2 factors: i) on 
the magnitude and direction of the osmotic gradient between the external solution 
and the tissues, and 2) on the resistance of the intervening tissues to the flow of water. 

Isotonic. When frogs are transferred from water to isotonic sucrose solution, 
they lose weight for about 2 hours and then establish a new steady state (fig. 3). If 
the escape of urine is prevented, this adjustment does not take place (3). In the 
absence of an osmotic gradient the influx of water ceases, as is obvious from figure 4, 
but the excretion of urine continues for a short time, causing some weight loss as 
shown in figure 3. 

Hypertonic. When frogs are transferred from water to 0.46 molar sucrose solu- 
tion, the normal osmotic gradient is approximately reversed. There results a rapid 
weight loss of about 8.5 per cent of body weight per hour, which is not modified by 
anal ligature. This loss must therefore take place through the skin, assuming no loss 
through gastro-intestinal tract. The rate of outflow of water under these conditions 
is about 4.7 times the inflow when the gradient is in the normal direction, as shovNui by 
comparing figures 2 and 6. Since the osmotic gradients are approximately equal and 
opposite, the difference must lie in the resistance of the tissues to the flow of water in 
opposite directions. The greater resistance to inflow is of obvious advantage to the 
frog since it reduces the amount of urine which would otherwise have to be excreted. 
The exact nature of the resistance is unknown, although speculative hypotheses have 
been proposed (i). 

Consider secondly the effect of injection of pituitary extract on the water ex- 
changes, under the 3 sets of conditions: c) hypotonic, b) isotonic and c) hypertonic. 

. . Hypotonic. With frogs in water, pituitary extract causes a rapid increase in 
body weight, up to 20 per cent in 5 hours. The initial rate of weight gain is about 10 
per cent per hour, approximately five times the normal rate of flow of water through 
the frog. The magnitude of the increase in flow due to pituitary extract could not be 
due to oliguria alone, since it greatly exceeds normal urine output. The extract there- 
fore decreases the resistance of the surface of the frog to the influx of water. 

A comparison of figures i and 2 showingtheeffectof pituitary extract demonstrates 
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two phenomena. First, as noted above, it causes a greatly increased uptake of water, 
which exceeds normal urinary output by some five times. Secondly, since in the first 
3 hours the effect of pituitrin was approximately the same in normal frogs and those 
witli anal ligatures, it appears that this drug completely inhibits urinary water loss in 
the doses used. Pituitrin in effect prevents water loss through urine. This oliguric 
effect is probably renal in origin, because pituitary extract causes a marked reduction 
in the number of active glomeruli in the frog kidney, and consequent anuria (15). It 
seems that the uptake of water after pituitary extract is due to a combination of de- 
creased resistance to the influx of water, and decreased excretion of urine. 

Isotonic. In isotonic solution, pituitar)'- extract delays the excretion of mine 
(fig. 3) but has no effect on the body weight when the escape of urine is prevented (fig. 
4). An osmotic gradient favoring influx of water is necessary for the effect of pitui- 
tary extract to become apparent. 

Eyperlonic. lAflien tlie osmotic gradient is reversed, pituitary extract has no 
effect on the already high rate of outflow of water through the skin. 

SUMMARY 

The frog offers a resistance to the influx of water from hj^otonic solution, as com- 
pared to the outflow of water when the osmotic gradient is reversed. This resistance 
is greatl}'' diminished by pituitar}’- extract (posterior lobe). An oliguria is also pro- 
duced by mammalian posterior pituitar)'- extract, which contributes to the net gain 
in weight by water uptake from hypotonic solution. 

The author is indebted to Mr. W, Speed of the Parke, Davis Company, for generous supplies 
of Pituitrin S. 
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EFFECT OF THE BLOOD GLUCOSE LEVEL ON THE 
SECRETION OF THE ADRENAL CORTEX 

GEORGE L. STEEPLES, Ju. and H. JENSEN 
From the Medical Department Field Research Laboratory 

FORT KNOX, KENTUCKY 

I N\^ESTIGATIONS in recent years have shown that tlie adrenal cortex plays an 
important role in maintaining the resistance of tlie animal organism to stress 
(i, 2). In view of this, any study which contributes to an understanding of the 
mechanism which regulates tlie secretion of this endocrine organ assumes significance. 
It is now generally accepted that the activity of the adrenal cortex is controlled by 
the adrenocorticotrophic principle, which is secreted by the anterior pituitar}%^ The 
mechanism of the secretion of the adrenal cortex is; therefore, mainly associated with 
the factors influencing the release of the adrenocorticotrophic hormone from the an- 
terior pituitary. Recently, it has been found that epinephrine plays an important 
role in the control of adrenal cortical activity and that this control is mediated 
through the anterior pituitary by bringing about a release of the adrenocorticotrophic 
hormone (1,2). The manner by which epinephrine produces this effect is not known. 

Since epinephrine and the blood glucose level are so closely interrelated, experi- 
ments have been performed to determine whether the blood glucose level per se would 
influence the activity of the adrenal cortex. Alterations in the cholesterol content 
of the adrenals have been used as a measure of elaboration of cortical hormones by the 
adrenal cortex. Evidence has recently been obtained that a relationship exists be- 
tween the amount of cholesterol, present in the adrenal, with the gland’s secretory 
activity (i, 2). The nature and character of this relationship are not well under- 
stood. The changes in the cholesterol content of the adrenal induced by hypergly- 
cemia or hypoglycemia are presented. 

PROCEDURE 

Vfliite adult male rats of the Wistar and Sprague-Dawley strains, weighing 
between225 and 280 grams were employed. The animals were starved overnight but 
allowed water. 

Oral Administration of Glucose. The rats were intubated with a catheter and 2 
ml. of a 50 per cent glucose solution were introduced orally b}^ means of a hypodermic 
syringe into the experimental and 2 ml. of distilled water into the control animals. 
After certain time interv’^als, the animals were killed by the guillotine method. The 
adrenal glands were immediately dissected, weighed and analyzed for cholesterol ac- 
cording to the method of Schoenheimer and Speriy (4). The total cholesterol was 

Received for publication March 3, 1949. 

1 Deane, Shaw and Creep have presented evidence that at least in the rat the secretion of the 
electrolyte-regulatinghormones of the adrenal gland is not under the control of the anterior pituitary 

(3). 
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determined in each case and the amount of cholesterol is reported as mg,/ioo mg. of 
fresh wet adrenal tissue. Blood sugar determinations were carried out according to 
the procedure of Somog3d (5). 

It was found that handling and intubation of the animals led to an ‘alarm’ re- 
action, as indicated by a decrease in adrenal cholesterol. For this reason, it was 
essential to accustom the animals to the experimental conditions before being used. 
This was done by passing a fine rubber catheter into the stomach twice daily for at 
least eight days. Only healthy, growing rats are suitable for studies of adrenal 
cholesterol changes inasmuch as inanition or infection will markedly influence the 
adrenal cholesterol levels. The animals were kept as much as possible in an environ- 
ment of 24° to 26° C. 

Administration of Insulin. The experimental animals were injected subcuta- 
neously with 0.5 i.Tj. of insulin while the control animals were injected subcutaneously 


Table 1. Changes in the cholesterol content of the adrenals and in the blood sugar 

LEVELS IN NORMAL RATS AFTER ORAL ADMINISTRATION OF 2 ML. OF 50% GLUCOSE SOLUTION 


KO. OF 
AKt3^S 

TVPE OF 
EXPERnrENX 

TIllE OF DEATH 
AFTER 

injectiok 

or FRESH 
ADRENAL 
GLANDS 

CHOLESTEROL CONTENT 
OF 100 ilG. OF FRESH 
ADRENAL TISSUE 

BLOOD SOCAE 
LEV'EI- IK UG. % 
AT TERHDfATION 




mg. 

mg. 


18 

Control 

2 ml. H2O 

1 

35 

3.44 ± o.io 

72 

12 

Glucose 

30 

33 

4.91 =t: 0.16 

81 

12 

Glucose 

60 

36 

3.38 db 0.18 

99 

i 

Glucose j 

120 

36 

3.83 ± O.ll 

90 

7 

Glucose 

240 

34 

3.57 ±. 0.09 


s 

Glucose 

300 

36 

3.21 ± O.ll 

70 

4 

Glucose 

360 

34 

3.70 ± 0.07 



* The animals were killed at the same time intervals as the glucose injected rats. 


with 0.25 ml. of saline solution. The adrenal cholesterol and blood glucose levels were 
determined ninety minutes after administration. 

RESULTS AND DISCUSSION 

Table i illustrates the mean cholesterol changes in the adrenals as well as the 
mean blood sugar changes determined simultaneously in rats after oral administration 
of 2 ml. of a 50 per cent glucose solution in water. Oral administration of glucose 
produced a distinct increase in the adrenal cholesterol and an elevation of the blood 
sugar level half an hour after administration. Between 30 to 60 minutes, there is a 
sharp decline in the adrenal cholesterol content to normal levels. The increase in the 
adrenal cholesterol level, obsen^ed at thirty minutes, was significant inasmuch as the 
lowest values for cholesterol found at that time were definitely greater than the liigh- 
est values obtained in the control animals. The rapiditj* of the rise and decline of the 
adrenal cholesterol after the administration of glucose is rather surprising. 

Elmadjian, Freeman and Pincus (6) found that oral administration of glucose (i 
ml. of a 50% solution) to rats produced a hunphocytopenia within one to two hours 
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after administration. We also observed a decrease in lymphocytes after oral glucose 
administration at a time at which tlie cholesterol levels of the adrenals were normal. 
The fall in lymphocytes, which is supposed to indicate a stimulation of the adrenal 
cortex, may possibly be due to the actual outpouring of adrenocortical hormones 
occurring within 30 to 60 minutes after glucose administration. The decline in adre- 
nal cholesterol and the release of adrenocortical hormones at a time during which there 
still exists a pronounced hyperglycemia may be explained as follows. 

a) The hyperglycemia causes a stimulation of the secretion of insulin, which ac- 
cording to Vogt (7), may directly stimulate the release of the adrenocorticotrophic 
hormone from the anterior pituitaty. 

&) The inhibition of the adrenal cortex, as indicated by the increased adrenal 
cholesterol content, leads to a lowered concentration of adrenocortical hormones in 
the blood which, according to Sayers and Sayers (8), causes a stimulation of the lib- 
eration of adrenocorticotrophic hormone from the anterior pituitar3^ 


Table 2. Mean changes in the cholesterol content of the adrenals and in blood sugar 

LEVELS IN NORMAL RATS AFTER SUBCUTANEOUS INJECTION OF 0.5 I.U. INSULIN 


KO. OF 
ANTitALS 

TYPE or 
EXPERBIENT 

TIKE OF DEATH 

TVT. OF FRESH 

CHOLESTEROL CONTENT 

BLOOD SUGAR 

AFTER 

ADRENAL 

OF 100 MGM. OF FRESH 

LBTCL IN ItO. % 

INJECTION 

GLANDS 

ADRENAL TISSUE 

AT TERKINATION 



min. 

mz. 



5 

Control 

UninJected 

90 

35 

3.S2 dr 0.03 

72 

12 

Control 

0.25 ml. 

Normal saline 

90 

32 

3.59 dr 0.19 

66 

18 

Insulin 

90 

32 

2.04 dr O.II 

20 


Abelin(9) observed that, 7 to 8 hours after oral glucose administration (i gm/ioo 
gm. of body weight) to rats, a reduction of about 2 5 per cent in the adrenal cholesterol 
occurred. In repeating Abelin’s experiments, similar results were obtained. The 
adrenal cholesterol content apparently increased within a short period after oral ad- 
ministration of glucose, then rapidly fell to a normal level while hyperglycemia still 
persisted and stayed at a normal level for several hours, during which time the blood 
sugar level gradually became normal. After 8 hours, a lowering in the adrenal 
cholesterol content was observed. 

Since the initial hyperglycemia led to an increase of the adrenal cholesterol con- 
tent, investigation was directed toward the determination whether hypoglycemia 
would effect a lowering of the adrenal cholesterol. 

As can be seen from table 2, insulin-induced hypoglycemia effected a stimula- 
tion of the adrenal cortex as indicated by the lowered adrenal cholesterol level. This 
finding is in agreement with that of Gershberg and Long (10) who observed a fall in 
the adrenal ascorbic acid and with that of Vogt (7) who found a depletion in the 
adrenal lipids of rats following insulin injection. 

The findings reported in this paper show that hyperclycemia produced by oral 
glucose administration leads to an inhibition of the release of the hormones from the 
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adrenal cortex, as indicated by an increase in the adrenal cholesterol content. The 
data given support the assumption that the initial hyperglycemia leads to a dimin- 
ished release of epinephrine by the adrenal medulla with a correspondingly lessened 
release of the adrenocortico trophic principle from the anterior pituitary. In hypo- 
glycemia, the reverse takes place. Whether or not this effect of the blood glucose 
level on the secretion of the adrenal cortex is directly mediated through the anterior 
pituitary or indirectly through the adrenal medulla is not as yet established. 

SUMMARY 

Hyperglycemia induced by oral administration of glucose in rats causes, within 
30 minutes, an elevation of the adrenal cholesterol level indicating an inhibition of the 
adrenal cortex. H3rpoglycemia induced by insulin injection in rats produces a de- 
crease of the adrenal cholesterol level 90 minutes after administration indicating a 
stimulation of the adrenal cortex. 
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ACTION OF VITAJMIN P ON THE STABILITY OF CONNEC- 
TIVE TISSUE GROUND SUBSTANCE^ 

BENJAMIN A. LEVITAN* 

From the Department of Physiology, McGill University 

MONTREAL, CANADA 

W HEN vitamin P was discovered, its function was said to be the regulation 
of the permeability and strength of capillaries (i). Since then, all the 
work which has been done in this field has been focused on capillaries, 
and the possibility that this \ntamin might be concerned with the control of the 
permeability of other tissues has received scant attention. 

In a previous communication (2), the author showed that rutin, a flavonol type 
of vitamin P, inhibited the diffusion of testicular hyaluronidase and control saline 
solutions injected intradermally in rats. Since the spread of the control solution 
could conceivably be associated with the activation of endogenous hyaluronidase, no 
conclusions could then be made as to whether rutin acted directly by inhibiting 
hyaluronidase, or indirectly by some action on the substrate. The probability that 
the latter was the case was suggested to the author by the findings of Griffith and 
Lindauer (3), that rutin prevented cerebral hemorrhage in hypertensive patients 
with increased capillary fragility. Although their study was stimulated by Pater- 
son’s (4) suggestion that cerebral hemorrhage developed on the basis of rupture of 
intimal capillaries, such a mechanism has never been clearly demonstrated in this 
type of vascular accident. It is more likely that cerebral hemorrhage is due to 
direct rupture of the whole thickness of the artery wall as a consequence of arterio- 
sclerotic weakening combmed with increased arterial blood pressure. This suggests 
that rutin acts on the entire vascular apparatus rather than solely on the 
capillaries. Gorev and Smimova-Zamkova (5) have shown that the pericapillary 
sheath, the media and externa of arteries, and the connective tissue in 
general, aU have in common, arg3'Tophilic ground substance. It therefore appeared 
that the strengthening effect of rutin on the capillaries and arteries might be refer- 
able to a stabilizing effect on the ground substance which they contain. If such 
were the case, the stabilization of the generalized system of ground substance by 
rutin should be non-specific and demonstrable against spreading agents other than 
hyaluronidase. To check this lijqDothesis, rutin was tested against a potent, long- 
acting, synthetic spreading factor, azoserum. The studies were then extended to 
other t>>pes of vitamin P. 

PROCEDURE 

A 6.5 per cent solution of rutin^ was prepared in 0.2N sodium hydroxide. The 
P'S., as measured in the Beckman meter, was 9.4. On the addition of 1.25 cc. n 

Received for publication November 15, 1948. 

1 This stud}' was aided by a grant from the Cooper Fund, Faculty of Medicine, McGill Uni- 
versity. 

* Fellow in Medical Sciences, American National Research Council. 

* Furnished by the F. W. Horner Co., courtesy Dr. L. Mitchell and ilr. G. Ling. 
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h5’’drocliloric acid to 20 cc. rutin solution, a creamy emulsion formed whose pR was 
8.4. A control sodium hydroxide solution of similar pR was also prepared. The 
other types of vitamin P, being water soluble, were injected as aqueous solutions. 
All injections of ^dtamin P were intraperitoneal, and preceded the spreading factors 
by 40 minutes to 4 hours. 

The spreadurg solutions consisted of azoserum (6) as prepared, and testicular 
hyaluronidase^ (2 mg. per injection), and physiological saline. They were colored 
by adding one third of their volume of doubly filtered Higgins india ink. The in- 
jection mass in each case was 0.2 cc. The active spreaders were injected into the 
right fiank, the control saline into the left. An attempt was made to place all in- 
jections at the same relative point in the flanks, midway between the insertion of 
the upper and lower extremities, and 4 cm. from the mid-dorsal line. If an appre- 
ciable amount of the injection leaked out superficially or went too deeply, the animal 
was immediately killed and discarded. Twenty hours after the intradermal injec- 
tions, the animals were killed and skinned. The skins were mounted with the inner 
side up. The inked areas, which were clearly delineated, were outlined and trans- 
posed onto cellophane paper and the enclosed areas measured in square inches by a 
planimeter. The results were analyzed by comparing the difference between means 
with the standard error of the difference, and by the method of Analysis of ^’ariance. 
Reduction of spreading by less than 15 per cent was arbitrarily considered to be 
insignificant. 

OBSERVATIONS 

Effect of Rutin on Diffusion of Azoserum. Rutin administered to rats® in single 
doses of 65 mg. (i.o cc.) 4 hours before the spreading factor, resulted in inhibition 
of the diffusion of both the azosermn and the control saline to a degree which was 
highly significant statistically (table i). Inspection of the means reveals that the 
control pR solution failed to exert any significant effect. 

Effects of Hcsperedin Methyl Chalcon^ and Epicaiechin^'’’ on Diffusion of 
Hyaluronidase. One hour before the spreading factor was injected into the rats® 
the above types of vitamin P were given in doses of 100 mg. (i.o cc.) and 10 mg. 
(0.25 cc.) respectively. Diminution in the areas of spread of both hyaluronidase 
and control saline solutions failed to occur. Negative results were also observed 
in guinea pigs when the spreading factor was injected 40 minutes after the second 
of two 5 mg. doses of epicatechin given 6 hours apart. The guinea pigs were used 
in addition to rats since the vitamin P activity of catechins was first described in 
this species. Epicatechin was used in a small doseage because it was claimed to be 
the most potent t3q)e of vitamin P (7). Possibly larger doses might have been 
effective. 

Effects of Multiple Injections of Esctdin on Diffusion of Azoserum and Hy- 
aluronidase. The results in experiment 2 suggested that some types of vitamin P 
might require extended administration before their effects became apparent. Single 

*• Purchased from the Treemond Co., N. Y. The potency was listed as ico T.R.u./mg. 

® Male albinos, 275-325 gm. 

® Furnished by the Hoffman-Laroche Co., courtesy Mr. P. Blanc. 

^ The catechin was a mixture of epimers containing 35 per cent epicatechin. 

® Female albinos, 225-300 gm. 
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Table i. Effects of rutin on tue areas of spread'' of inked azoprotein and of control 

SALINE solutions 


STRAIGHT COKTEOL 

NaOH CONTROI. 

RUTIN IN NaOH 

Azoprot. 

Saline 

Azoprot. 

Saline 

Azoprot. 

Saline 

3-86 


3.40 

0.80 

1.90 


2.60 

mSEM 

3.40 

0.70 

1.80 


4.00 

0.53 

3-20 

0,64 

4.00 


. 3 - 5 ° 

0.70 

3.85 

o.SS 

1.76 


3-50 

0.60 

3.00 

0.65 

2.63 


3 -OS 

0.60 

2.3s 

0.40 

1-93 


3.83 

0-75 

4.00 

0.60 

2.57 


2.72 

0.60 

2.96 

0.70 

1.65 


2.94 

0.70 

3*45 

0.65 

1.84 


4.20 

0.68 

4.30 

0.70 

2.34 


3.02 

0.69 

4.20 

0.50 

2.07 


2.91 

0.58 

3-77 

0.64 

1.50 

ovio 

3-35 

0.83 

3-41 

0.60 

1.92 

0.30 

3-20 

0.70 



1.62 

0.23 

4.93 

0.70 



1.60 

0.33 





2,72 

0.43 





1.82 

0,44 

X 3.44 

0.67 

3.48 

0.62 

2.10 

0.38 


' 1 

AZOPROT. 

SALINE 

Mean difference 

1,34 =b O.za'* 

0.29 ± 0.026® 

Variance ratio 

Obs. 

30.0 5 

104.0® 

o.oi sig. 

7.56 1 

7.56 


^ In square inches. - Highly significant. 


Table 2. Effects of esculin on the diffusion of hyaluronidase, azoprotein, 

AND SALINE^ 



CONTROLS 

ESCOLIN 

H'ase 

Azoprot. 

Sal. 

H’ase 

Azoprot. 

Sal. 

Range 

I. 2-3.0 

2.17-3.72 

0.4-0. 8 

1.23-3.5 

1.84-3.1 

0.20-0.63 

N 

18 

15 

33 

18 

15 

33 

X 

2.23 

2.96 

0.548 

1.69 

2.38 

0.465 


Mean difference 


■Variance ratio 



H’ase 

Azoprot. 

Saline 


0.54 ± 0.19® 

0.58 ± 0.17® 

0.083 ri: 0.025* 

Obs. 

10.2® 

12.32* 

II. I® 

0.01 sig. 

7-44 

7.68 

7.04 
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5 mg. doses of esculin® (i.o cc.) were given to rats'® daily for 6 days, prior to the 
spreading factors. The subsequent diffusions of azoserum, hyaluronidase and 
control saline solution were all inhibited to a highly significant degree (table 2). 

Effects of Vitamin P Deficiency on Permeability of Ground Substance. In the-, 
experiments listed so far, the various types of vitamin P were administered to animals- 
on normal diets" and the results could be interpreted as pharmacological rather than 
vitaminic. It was therefore decided to determine if the state of tissue permeability 
was altered in vitamin P-defident rats. Unfortunately, gray oats, one of the major 
constituents of a truly \utamin P-free diet (8), was not available locally so that this 
diet could not be used. As an alternative procedure, advantage was taken of Par- 
rot’s finding (9) that turnips contained a substance with the properties of antivitamin 
P. Two himdred gamma of an alcoholic extract of turnip were said to produce a 
drop in capillaty resistance which could be prevented by 20 gamma of catechin. 
It was claimed that the turnip factor accelerated the in ntro oxidation of ascorbic 
acid, whereas vitamui P substances inhibited this reaction. Since tlie action of 
the turnip factor was opposed to that of vitamin P both in vivo and in vitro, it was 
called antivitamin P. 

Forty-five of a group of 60 male ivhite albino rats weigliing from 180 to 210 gm. 
were put on an anti\ntamin P regime by maintaining them on a diet of turnips and 
water ad lib., for 14 days. The remaining 15 rats ser\'cd as normal diet controls. 
By llic 12th day, 8 of the turnip group and i of tlic control group had died. At 
this time, the turnip group was divided into 3 sub-groups. One sub-group was 
given 50 mg. ascorbic acid intraperitoneally on the 12th and 13th days. Another 
sub-group was given 5.0 mg. esculin intraperitoneally on the same days, and the 
third sub-group was not treated. On the 14th day mtradermal injections of 0.2 cc. 
inked azoprotein and saline were made in all animals and they were then treated 
as previously. 

RESULTS 

The most striking finding (table 3) was the marked increase in diffusion of both 
azoprotein and saline in the rats on the turnip diet. With the amount of esculin 
used, the increased spread of the azoprotein was moderately but significantly re- 
duced. Esculin had no significant effect on the enhanced diffusion of saline. Ascor- 
bic acid failed to inhibit the increased spread of both azoserum and saline. 

DISCUSSION 

The results indicate that at least 2 types of vitamin P, rutin and esculin, are 
capable of hindering the diffusion through connective tissue of enzymatic and non- 
enzymatic spreading factors as well as inert saline-ink mixtures. Since the retarda- 
tion of diffusion appears to be non-specific, it is probable that vitamin P does not 
act directly on the substances injected into the skin but rather, it decreases the 
permeabi lity of the connective tissue in a non-specific way. When vitamin P 

• Purchased from the Mercantile Import and Export Co., N.Y. 

Hooded males, 150-200 gm. 

Purina Fox chow for rats. Various greens for guinea pigs. 
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deficiency was induced, tlie permeability of the connective tissue was markedly 
increased and this was partially reversed by esculin. It has been shown that hy- 
aluronidase spreads tlirough isolated dead skin (10). Its spread must therefore 
be largely independent of the circulation and must occur directly through the con- 
nective tissue ground substance. Thus vitamin P appears to be one of the factors 
which governs the strength and permeability of ground substance. As was men- 
tioned previously, Gorev and Smirnova-Zamkova (5) have shown that the ground 
substance present in connective tissue is only part of a diffuse system of this material 
and that it is also present in the media and adventitia of arteries. Bensley (ii) 
has also identified it in the intima of arteries. Thus by acting on the ground sub- 


Tablu 3. Effects of esculin and of ascorbic acid on the increased DtFFUStON of 

A 20 PR 0 TEIN AND SALINE IN EATS FED TURNIPS (ANnVITAinN P) 


Range 

N.... 

X.... 


EEGULAH DIET 

TnENIP DIET 

XUBNIP DIET + ESCUIIN 

TtrSNIP DIET ASCOEBIC 
ACID 

Azop. 

Sal. 

Azop. 

Sal. 

Azop. 

Sal. 

Azop. 

Sal. 

2.25-4.30 

0.37-0.85 

3.92-6.50 

0.80-1.67 

3.16-5.24 

0 . 7 S-I-SS 

4.04-5-23 

0.90-1. 95 

II 

II 

9 

9 

II 

II 

9 

9 

3.32 

0.54 

5-07 

1.24 

4.23 

1.00 

4.45 

1. 18 



: i 

TDEOTP DIET 

VS. 

REGULAR DIET 

TURNIP DIET + 
ESCULIK 

X’S. I 

TURNIP DIET 

TURNIP DIET 4* 

ASCORBIC ACID 

VS, 

TURNIP DIET 

Azop. 

Sal. 

Azop. 

Sal. 

Azop. 

Sal. 

Mean difference ' 

1.7s ± 
0.35’ 

0.70 rt 

o.ll’ 

0.8s ± 

0.3s* 

0.24 ± 
0.125 

0.62 db 
0.32 

0.06 ± 
0.14 

Variance ratio ^ 

Obs. ' 

25.6’ 

47 - 3 ’ 

1 

5.8' 

j 3.82 

3.67 

— 

o.oi sig. 

8.28 

8.28 

m 

B 

4.49 

— 


^ Figures in sq. inches. * Significant. ® Highlj' significant. * Below arbitrary level of 
significance. 


stance of vascular walls, vitamin P appears to be a factor which determines the 
strength of vessel walls. Such an action on the 3 layers of the artery, rather than a 
capillary mechanism may account for the decreased incidence of cerebral hemorrhage 
which Grifl 5 .th and Lindauer (3) observed following administration of rutin to pa- 
tients with hypertension and increased capillary fragility. 

The ability of \fitamin P to increase capillary resistance has never been cor- 
related with an action on any particular layer of the capiUarj’’ wall. Several in- 
vestigators (12-18) have shown that in pure scurvy uncomplicated by vitamin P 
deficiency, the capillary resistance is normal. Vitamin P is therefore able to act 
on a capillar}’’ layer which is not damaged in scurvy. This precludes the inter- 
endothelial cement whose production is said to be arrested in scurvy (19). Since 
the pericapillar}’’ sheath is believed to be a condensation of ordinary connective 
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tissue (19) the linding that vitamin P increases the resistance of connective tissue 
strongly suggests that tlie site of action o£ vitamin P on the capillar}’" vail is the 
pcricapillaiy layer. ‘ 

The full significance of vitamin P deficiency on the body economy is as yet 
unknown, as very little investigative work has been carried out in this direction. 
Buran-Rc}Tial 5 (20) has reviewed abundant evidence which indicates that suscepti- 
bility to infection varies directly as the degree of permeability of connective tissue. 
In experimental artcrionsclcrosis, Duff (21) has shown that damage to vascular 
ground substance precedes deposition of lipoids. Gorev and Smirnova-Zamkova 
(5) maintain that in hypertension and arteriosclerosis, there arc degenerative clianges 
in the entire system of ground substance. In view of the role of vitamin P in main- 
taining the stability of ground substance, it is possible that the long term sequel of 
vitamin P deficiency is an increased susceptibility to infectious and degenerative 
processes. 


SUMiURY 

Rutin and csculin, two types of vitamin P, inhibited the spread of intradermally 
injected hyaluronidase, azoserum and saline. The results are believed to be due 
to a non-specific increase in the resistance of the connective tissue ground substance. 
In vitamin P deficiency, induced by feeding turnip antivitamin-P factor, the permea- 
bility of connective tissue was increased. This was partially reversed by the ad- 
ministration of csculin, but not by ascorbic acid. 

In addition to demonstrating a wider site of action of vntamin P than hitherto 
recognized, the experimental findings add further evidence in favor of the existence 
of this vitamin. It is suggested that vitamin P regulates capillary resistance and 
permeability by an action on the pcricapillary sheath. It is suggested that the 
weakening of ground substance by vitamin P deficiency might predispose to the 
development of degenerative and infectious diseases. 

The author wishes to express his thanks to Professor H. E. HofI for his constructive criticisms 
in the preparation of tiiis manuscript and to Mr. J. Richard for his invaluable technical assistance. 
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POTENTIATION OF TWITCH TENSION AND PROLONGATION 
OF ACTION. POTENTIAL INDUCED BY REDUCTION OF 
TEMPERATURE IN RAT AND FROG MUSCLE' 

SHEPPARD M. WALKER 

Vroni the Department of Physiology, Washington University School of Medicine 

ST. LOUIS, inSSOUEl 

D uring the past four years it has been observed that the rising time and the 
peak tension of tlie twitch of the in situ rat triceps surae were slightly 
greater in experiments carried out in the winter than in those done in the 
summer. The room temperature was about 26° C. in the winter and about 31° C. in 
the smnmer. An effect of temperature changes on the modification of twitch re- 
sponse in the leg muscle suggested itself because it seemed likely that the temperature 
of anaesthetized animals may decrease more in the cooler room. No report on the 
effects of temperature changes on twitch tension of in situ mammalian muscle w'as 
found in the literature. However, it was found that an observation (1) on the effects 
of cooling on the isolated nerve-diaphragm preparation of the rat had been made. 
In the fatigued preparation cooling increased the rising time, tension and action po- 
tential duration in response to single indirect shocks. The increased duration of 
action potential produced by cooling skeletal muscle (2) is of interest in the present 
report because it has recently been shown (3) that the potentiation of tension and the 
increase of rising time of the twitch in rats given intraperitoneal injection of KCl are 
accompanied by an increase in duration of the action potential. The present study 
was begun in order to determine the changes in mechanical and electrical response of 
in situ rat muscle induced by lowering the temperature approximately 10° C. below 
normal. Discrepancies between our findings and tlie observ^ations (4, 5) on isolated 
frog muscle suggested tliat experiments on frog muscle with intact circulation should 
be carried out. A preliminary report on this study was made before the American 
Physiological Society at the meeting in Minneapolis in September, 1948. 

METHODS 

Male rats, of tlie Anheuser-Busch strain, w-eighing approximately 275 gm. were 
anesUietized witli 300 to 350 mg. of sodium barbital per kg. The experiments wdth 
the control group of rats were done at room temperature (31° C.). Sixteen rats were 
placed in a cold room (10° C.) until the rectal temperature was reduced to about 20° 
C. Preparation for recording was made after removal from the cold room in 8 ani- 
mals and the preliminaiy- portion of preparation was made before removal in 5 
animals. Three rats were prepared and stimulated in the cold room. The muscle of 
3 rats was cooled by placing the leg in a cooling chamber. The triceps surae was pre- 

Recdved for publication February 21, 1949. 

' Aided by a grant from the U. S. Public Health Service. 
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pared for stimulation and recording as previously described (6), Action potentials 
were recorded from the gastrocnemius muscle with a cathode ray oscillograph, one 
leadielectrode being placed in the belly and Ihe other in the tendbh' qf the; muscle'. 
The m3mgrams were made with an isometric lever:. : Determinations of rat plasma K 
were made with a flame -photometer designed by Dr. Theodore Weichselbaum and 
Dr. P. L. Varney. 

The gastrocnemius muscle iof tlie frog waS cooled by placing the leg in Ringer’s 
solution maintained at :the desired temperature with a water bath, the hind legs being 
immobilized by section of the spinal cord at a level which did not impair breathing. 

Some definitions and qualifications of terms employed in the presentation of the 
results and the discussion are given for purposes of clarification. The, expression, 
membrane ‘breakdown,’ is used for convenience in reference to changes in the fiber 
membrane during the passage of the excitation wave. The twitch is the single 
response of all component muscle fibers to a single indirect shock, the shock strengtli 
being 3 to 4 times maximal. The term potentiation designates an increase of twitdi 


Table i . Average valltes tor the peak tension and time course op Tim TmTCH in Tim in situ 

TRICEPS suium OF Tim RAT WHICH SHOW THE MODIFICATIONS INDUCED BY REFRIGERATION OF 

THE ANIMAL AT 10°C. 


Ko. or 

RATS ' 

1 

GROUP 

NO. 

ROOil 

TEilPER- 

ATURE 

RECTAL 

TEMPERATURE 

T\\TTCn 

TENSION 

i 

RISING TIME 

TIME or 

HALT TALL 

TIME OF HALF 
FAIX/RISRiG 
TIME 

1 


°c. 

°c. 

£m./gm. muscle 

i msec. 

msec. 


8 

I 

31 

26.1 ±0.52* 

434 ± 9-6 

35.6 ± 2.37 

38.1 ±4.14 

1.06 d= 0.04 

5 

2 

26 

22.0 ±0.35 

523 d= 6.8 

74.2 ± 1.02 

92.8 ±3.7 

1.24 ±0.03 

4 

3“ 

31 

36.4 ±0.34 

270 ± 10.4 

14.2 ± i.os 

21.5 ± 1. 19 

i.S 7 ±o -04 


^ Standard error of the mean = \/ * Control group given no refrigeration. 

Y n(n — 1) 


tension resulting from increased contraction of the component fibers. Tension is 
expressed in gm/gm. of fresh muscle; the measurements as cited in this paper refer to 
developed tension. The resting tension was usually approximately 75 gm/gm. of 
muscle. The rising time was measured from the beginning of the upward deflection 
of the record to the peak. The time of haK fall was measured from the peak of the 
tension curve to the point where this curve has returned half wxay to the initial resting 
tension. 


RESULTS 

Obsercalions on the Rat. The rats in gronp i of table i were removed from the 
refrigerator when tlie rectal temperature had fallen to about 21'’ C. and prepared for 
Stimulation at a room temperature approximately 31'’ C.; these experiments were 
carried out in August. The records w^ere obtained by the time tlie rectal temperature 
had risen to 25'’ C. to 29° C. A comparison of average values in this group of animals 
with those obtained in control rats {gronp 3) shows a 61 per cent increase of peak ten- 
sion, a marked increase (151%) of rising time and a smaller increase (77%) in time of 
half fall in the twitch response of the cooled animals. The rats in groiip 2 were par- 
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tially prepared for. stimulation before removal from the refrigerator and the records 
were obtained by the time the rectal temperature had increased to about 22° C. at a 
room temperature . approximately 26° C.;- these experiments were carried out in 
November. ; Under these conditions 94 per cent,, 423 per cent and 331 per cent in- 
creases, respectively, of tension, rising time and time of half fall were induced. The 
rising phase of the twitch was prolonged more than tire falling phase, this difference 
being more pronounced with moderate cooling (cf. gro 7 ip i with gro2ip 2 in table i and 
B with C in fig. i). The myogram in figure xB shows the least potentiation of twitch 
tension obtained in group i and the myogram in figure iC shows the greatest poten- 
tiation obtained m group 2 of table i. These myograms illustrate the progressive 
slowing of the twitch response by coolmg. 

The marked difference in duration of twitch response in groups i and 2 of table i 
suggested that the difference in muscle temperature may be greater than that indi- 

Fig. I. Effects op refrig- 
eration of the rat on the triceps 
surae mechanical response and 
gastrocnemius action potential, the 
muscles being stimulated indirect^ 
with single shocks. D. Developed 
tension expressed in gm/gm. of 
fresh muscle. The resting tension 
was approximately equal for the 
records shown in this fig. T; rectal 
temperature at the time the records 
were made; M: myograms; Z: zero 
tension; E: action potentials; A: 
records made 2 hours after giving 
sodium barbital; B: records made 
after i hour of refrigeration at 
lo'C.; C: records made after 2.5 
hours of refrigeration at io°C. 

The action potential record in C 
was retouched. 

cated by the rectal temperature. Because the animals in group i were prepared for 
stimulation in a warm room (31° C.) it seemed likely that the muscle temperature 
may have been much higher tlian the rectal temperature at the time of recording. 
In order to follow more closely the temperature changes in the muscle the stimulating 
and recording apparatus was placed in the refrigerator. In a warm room a series of 
3 rats was prepared for stimulation and a small thermometer was placed beside the 
contralateral gastrocnemius muscle through a small incision near the heel. The ani- 
mals were then placed in the refrigerator for periodic stimulation and recording. 
The results of one of these experiments are shown in figure 2. The peak twitch ten- 
sion increased sharply as the muscle temperature decreased from 37° to 30° C., and 
less rapidly as the temperature fell from 30° C. to 24° C. The decline in rate of po- 
tentiation of tension in the lower range of temperature was accompanied by a marked 
increase in duration of the twitch response. The sharp increase of tension observed 
in the higher range of temperature was accompanied by a less marked increase in 
duration of the twitch response. The effects obtained by coohng the muscle gradu- 
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ally disappeared as the muscle was allowed to return to normal body temperature. 
At 37° C. the twitch duration was normal and peak twitch tension was slightly above 
normal. The results obtained during the progress of refrigeration (fig. 2) indicate 
that the muscle temperature was about 30“ C. in grotip i of table 1 and about 24° C. 
in group 2. 

The effects of cooling on the action potential are of particular interest in the ex- 
periments done during the progress of refrigeration because it was possible to observe 
the changes at different temperatures with the recording electrodes in the same posi- 
tion. The duration of the action potential increased slowly at first and then more 
abruptly as the muscle temperature fell below 32° C. (fig. 2). The height of the 
action potential increased initially but it decreased toward the normal height as the 
muscle temperature fell below 29° C. The increase in duration of the action potential 
is very similar to the increase observed during the progress of twitch potentiation 
induced by intraperitoneal injection of KCl in the rat (3). It should be noted that 
the height and duration of the action potential were normal when the muscle was 
allowed to return to normal body temperature. 

The muscle was cooled in 3 rats by placing the leg in a cool chamber (17° C.- 
20° C.) for about 20 minutes. This treatment brought about a 37dh 4 per cent in- 
crease of peak tension, a i72=t 7 per cent increase in rising time, a 3o8± 25 per cent 
increase in time of half fall and a 253± 34 per cent increase in duration of the action 
potential. Records from one of these experiments are shown in figure 3. Although 
the action potential height was lower in 2 of the 3 experiments at the time maximum 
potentiation was attained, the height increased initially in all 3 experiments. 

Effects of Local Cooling in the Frog. The results obtained by cooling the in situ 
gastrocnemius in 3 summer frogs witli intact circulation and normal respiration were 
similar to those obtained in the rat by moderate refrigeration. The average high tem- 
perature of the Ringer’s solution bath in which the leg was immersed was 27.5° C.; 
the average low temperature was 14.5° C. Change of the temperature from the high 
to the low level produced a 4o± 9 per cent increase of peak tension, a 2oo± 8 per 
cent increase of rising time and a i54=b 30 per cent increase in time of half fall in the 
twitch response. The records in figure 4 show typical effects of the extreme tempera- 
tures on mechanical and electrical responses. Records taken at intermediate tem- 
peratures showed intermediate modifications of twitch tension and time course and 
of action potential duration. 

Similar cooling of isolated summer and winter frog gastrocnemii produced varied 
effects on twitch tension. In 5 experiments the peak tension was decreased and in 
one it was increased by reduction of the temperature of the bath. The slowing of 
the twitch was about the same as that observed in tlie cooled intact frog muscle. 
Similar results were obtained in in situ muscle of winter frogs; cooling induced a slight 
decrease of gastrocnemius twitch tension in 3 and a small increase in i of 4 e.x- 
periments. 

Since the plasma K is markedly increased in rats showing potentiation of twitch 
tension after KCl treatment (3) the possibility that a shift of K to the extracellular 
fluid may be responsible for the potentiation of twitch tension in cooled muscle was 
explored. The average values for analyses of plasma K were 4.85 mM per liter in 5 
rats cooled to 20° C. and 3.99 mM per liter in 3 control animals. 
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DISCUSSION 

It seems unlikely that the 24 per cent increase of plasma K found in rats cooled 
to 20° C. plays a major role in bringing about the 94 per cent increase of twitch ten- 
sion in these animals, because a previous study (3) has shown that a 200 per cent in- 


Fig. 2. Diagram showing 

CHANGES IN RESPONSE of the rat 
triceps surae to single indirect 
shocks as the muscle temperature 
was reduced from 37°C. to 24.5*0. 
and then increased to 37°C. The 
muscle was cooled by placing the 
anesthetized animal in a cold room 
(io°C.). The intervals between 
the recordings were 10 minutes in 
all cases except the first, which was 
S minutes, and the last, which was 
75 minutes. The peak tension of 
the twitch is expressed as gm/gm. 
of fresh muscle. The recorded 
action potential height is given in 
mm. 

Fig. 3. Effects of cooling 
THE LEG in a chamber on the re- . 
sponse of the rat triceps surae to! ® 
single indirect shocks. D: devel- X 
oped tension expressed in gm/gm. 
of fresh muscle; T, A: rectal tem- 
perature before local cooling; B: 
temperature of the cooling chamber 
25 minutes after the leg was in- 
serted; C: rectal temperature 
after local cooling. M: myograms; 

Z: zero tension; E: action 
potentials. 
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time interval = S MSEC. 


Fig. 4. Effects of cooling D 
THE LEG in a Ringer’s solution bath T 
on the response of the frog M 
gastrocnemius to single indirect 
shocks. D: developed tension 
expressed in gm/gm. of fresh 
musde; T: temperature of the 
bath; M: myograms; Z: zero ten- 
sion; E: action potentials. 



363 G. 
26.0*0 



TIME INTERVAL = 50 MSEC. 


TIME INTERVAL = 5 MSEC. 


crease of plasma K concentration resulting from intraperitoneal injection of KCl 
produces only a 30 per cent increase of twitch tension. It should be noted, however, 
that both K treatment and cooling produce prolongation of the action potential and 
an increase of the ratio of rising time to falling time in the potentiated response of 
rat muscle to single indirect shocks. 

^ Findings on the effect of temperature on the response of isolated frog muscle to 
single shocks are contradictory. For example. Gad and Heymans (4) reported that 
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a reduction of temperature from 30° C. to 19° C. induced a decrease of tension devel- 
opment, while Bernstein (5) found that similar reduction of temperature may either 
increase or decrease tension development in response to single shocks. Other reports 
in the literature agree with the findings of Gad and Heymans. The obser\-ation in 
this study that reduction of temperature from 27,5° C. to 14.5° C. increased twitch 
tension of in silu muscle in summer frogs, but usually decreased twitch tension of in 
situ muscle in winter frogs and of isolated muscle from, sumrher and winter frogs, 
suggests that muscle response to temperature changes depends upon tire nutritional 
state of tlie muscle. The responsible factors are not 3’’et recognized. The potentia- 
tion of twitcli tension obtained by local cooling in the rat and in the frog rule out the 
possibility that tire effects of cooling on muscle response are due to metabolic changes 
induced by refrigeration of tire whole animal. 

The suggestion in connection with studies on tire effects of KCl treatment, that 
increased duration of action potential as recorded from a multifibered muscle ’maj’' be 
due in part to increased duration of membrane 'breakdown,’ is supported b\’’ observa- 
tions on the effects of cooling. Sanderson (2) found that action potential duration 
is increased and that conduction rate is reduced in the frog sartorius muscle by cool- 
ing. On the basis of his observations he suggested that cooling increases the duration 
of potential disturbance at a given point during the passage of an excitation wave. 
From the data recently reported (7) on the effect of temperature changes on the con- 
duction rate and spike duration in single motor nen^e fibers of the toad it is possible 
to calculate the. change in length of the excitation wave during the passage of an im- 
pulse. The wave length was approximately doubled by reduction of tlie temperature 
from 25° C. to 5° C. The duration of tlie action potential.was increased about 5 times 
by the same change of temperature. In so far as the findings for nerve fibers are 
applicable to muscle fibers these data support tlie view that duration of membrane 
'breakdown’ is greater iii a cool than in a warm muscle fiber during the passage of an 
excitation wave. Whether there is a causal relation between increased duration of 
membrane ‘breakdown’ and increased contraction of muscle fibers, capable of re- 
sponding with such increase of tension, cannot be decided with certaint3^ The view 
that sucli a causal relation exists is consistent witli the findings on the rat and on the 
in situ summer frog muscle, and can be reconciled witli tlie findings on the winter 
frog muscle and on isolated frog muscle by making the assumption that such muscles 
are incapable of responding with an increased tension. 

SUMMARY 

Observ^ations were made on the modification of twitch response induced by cool- 
ing tlie rat triceps surae in silu and the frog gastrocnemius both in silu and isolated. 
The rat muscles were cooled bj^ refrigeration of the whole animal or by placing the leg 
in a cooling chamber. The frog muscles were cooled by placing the leg or the isolated 
muscle in cool Ringer’s solution. 

Cooling the rat triceps surae from 37° C. to 24° C. by refrigeration increased 
twitch tension about 80 to 90 per cent and increased the duration of tlie action poten- 
tial about 300 per cent. The time course of the twitch was increased about 350 per 
cent. The rising phase of the twitch was prolonged more than the falling phase, this 
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difference being more pronounced in the case of moderate cooling. Reduction of the 
temperature of tlie bathing fluid from 27.5° C. to 14.5° C. induced changes in the 
twitch response and action potential of the in situ gastrocnemius muscle of summer 
frogs similar to those observed in rat muscle. The same change of temperature 
usually produced a decrease of twitch tension of in situ muscle of winter frogs and of 
isolated frog muscle. 

Although tlie effect of cooling in tlie rat apparently is not due to a change in con- 
centration of plasma K, moderate cooling and K treatment induce similar changes in 
time course and tension of the twitch and in duration of the action potential. Sup- 
port is offered for the view that the duration of membrane ‘breakdown’ produced by 
the passage of an excitation wave along the muscle fiber is prolonged by cooling. A 
causal relation between increased duration of membrane ‘breakdown’ and increased 
contraction of muscle fibers is suggested. 

Tlic author is indebted to Dr. W. A. Quebedeaux for technical assistance. 
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OXYGEN CONSUMPTION AND COOLING RATES IN 
IMMERSION HYPOTHERMIA IN THE DOG^ 

KENNETH E. PENROD 

From the Department of Physiology, Boston University School of Medkine 

BOSTON, MASSACHUSETTS 

M any observations have been made on the effect of reduced body tempera- 
ture on oxygen consumption. Overall conclusions are made difficult, how- 
ever, by the wide range of experiment designs. Whether anesthesia was 
used, if so, depth and type, method of inducing hypothermia, duration of exposure, 
and species variation are but a few of the many factors tending to preclude generaliza- 
tions. Too, variation in shivering response within a given set of experiments must 
be considered. 

Yffiile the rate of cooling of the intact organism has received considerably less 
critical analysis, it likewise is subject to the same variables mentioned above. In 
an effort to derive a clear picture of the response of the hypothermic dog a series of 
experiments was designed wherein the procedure was constant. From these experi- 
ments it is apparent that shivering, which is in large measure an individual charac- 
teristic (at least under anesthesia), has a profound influence on oxygen consumption 
and rate of cooling. Only at the lowest extremes of body temperature, below which 
shivering is never seen, is it possible to predict accurately the metabolic response of 
a given animal. 

METHODS 

Fifteen experiments were conducted on 7 unselected but generally healthy mongrel dogs. 
On two occasions, separated by about 10 days, each dog was cooled to a rectal temperature of ap- 
jiroximately 2o°C. and rewarmed. In one case Uic dog was cooled a third time, using a longer 
lasting anesthetic. 

After being fasted 24 hours the undepilated- dog was anesthetized witli sodium pentothaP 
per venam and secured in a supine position to a dog board. An endotracheal tube and rectal thermo- 
couple were inserted and duplicate O2 consumption determinations were made using a Sanborn 
respirometer. The preparation was then lowered into a tub of iced water (2°-4°C.) in a position 
about 10° from the horizontal. Immersion was complete except for the head, neck and ventral 
{jortion of the chest. The O2 consumption was recorded continuously and the rectal and bath 
temperatures every 24 seconds.^ Pulse rates and shivermg were observed and noted by a recorder. 
Additional pentothal was supplied as indicated to keep the anesthesia just adequate. The average 
total pentothal dose was 32 mg/kg. body weight, given in 5 per cent solution. In only one instance 
was more pentothal required at a rectal temperature below 3S°C., the cold effect apparently having 
sufficiently augmented the anesthesia by this time to keep the dog quiet. 

Received for publication January' 25, 1949. 

' Tliis work was carried out under Contract W33-038-ac-i4757 with the Aeromedical Labora- 
torj’. Air Materiel Command, Wright-Patterson Air Force Base, Ohio. 

- A series of trials by Haterius (3) and an observation by Spealman (2) failed to reveal any 
influence of depilation on rate of cooling in the dog. 

’ Kindly donated by Abbott Laboratories, Inc. 

* ‘Speedomax’ recorder, Leeds & Northrup Co., Philadelphia. 
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At a rectal temperature of ao^C. the preparation was removed from the cold bath and rewarming 
measures at once instituted. These measures took the form of spraying with water of 40° to 42°C. 
for about 5 minutes followmg which the dog was left in room air of 25° to aS^C. to complete the 
rewarming, or immersion in a tub of water at 4o®C. throughout the temperature ascent, or combina- 
tions of immersion in warm water and exposure to room air. With the return of consciousness and 
motor activity the measurements were terminated. 

RESULTS 

Oxygen Consumption during Cooling. The O2 consumption before immersion 
and at rectal temperatures of 35°, 30°, 25° and 2o°C. are presented in table i. 


Table i. Oxygen consumption of dogs, cc/kg/min. (stpd), during cooling by immersion 

IN COLD WATER 


DOO 

EXPER. 

WT. KG. 

38 - 39 ° I 

1 

35 “ 

30 ' 

2 S° 

20° 

I 

A 

9.4 

! 

6.9 1 

8.2 

10.3 

6.0 

I . I 


B 

7-9 

6.3 ! 

i 

4.8 

4.2 

4.6 

I.O 

2 

A 

13.6 

<5.3 i 

4.2 

5-7 

S-i 

1.6 


B 

14.0 

7.3 1 

5*9 

4.7 

4.8 

1,9 

3 

,4 

IS. 6 

5-0 I 

S-o 

4.9 

2.5 

2.2 


B 

14.0 

6.0 ; 

; 

4.4 

4.8 

3.5 

I.O 

4 

A 

14.0 

6.2 

6.0 

ii-S 

8.4 

1.9 


B 

12.8 

i 

CO 

40 

12. s 

iS.o 

8.0 

0.9 

5 

A 

I 20,4 

'■ 5.6 j 

4.0 

2.3 

2.2 

0.9 



1 20.8 

6.4 1 

i i 

3-6 

2.8 

2.3 

1. 1 

6 

\ 

! 

; 15.6 

i 4.9 : 

4.0 

16.2 

1 

12.4 

1. 1 


i ^ 

' 15-1 

, 5-0 1 

4-7 

18.3 

12.0 

1 .0 


1 Q' 

I 

; 

i 6.6 i 

5-0 

4.8 

i.S 


7 

i A 

1 10.7 

i 8-4 

7-4 

i 

i 7-2 

I 4.8 

I.O 


i ^ 

1 9-5 

; 7-1 , 

5.0 

4.0 

i 3-0 

0.7 


* Deeply anesthetized with Na-Amytal. 


Individual graphs were plotted for each experiment and were seen to be separable 
into 4 general patterns. A typical representative of each of these patterns is plotted 
in figure i, together witli the numbers of experiments of which each cur\^e is typical. 
Experiment ij, in which sodium amy tal anesthetic was used in place of sodium pento- 
thal, is not included in this group. 

In the 3 ex-periments wherein a ver}’’ high peak in O2 consumption was noted the 
dogs exhibited violent shivering. The 2 dogs showing the moderate rise in metab- 
olism likewise showed a moderate shivering response, while the 7 showing a very 
late, small rise shivered only minimally. It is of interest that, in the latter case, 
the shivering began approximately 25 minutes after pentothal anesthetization, which 
IS in accord with the usual duration of this anesthetic in the absence of cold. But 
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seemingly at the temperature of emergence from the barbiturate depression the 
organism is not capable of great shivering. 

It would appear from our data that the O2 consumption response of the dog is 
largel}' an individual one inasmuch as 5 of the 7 dogs showed the same category of 
response both times they were cooled. The only pattern which was not repeated by 
at least i dog was that of curve B, figure i, wherein both dogs which exhibited this 
response on the first cooling showed an altered pattern the second time, one falling 
into the pattern of curve A and the other of curve C. 

The effect of deep narcosis on O2 consumption during hypothermia was investi- 
gated by cooling for a third time the dog which twice under sodium pentothal showed 
the very high peak of curve A, figure i. In this instance sodium amytal (50 mg/kg.) 
was the anesthetic and in this experiment (no. 75, table i) no shivering was evidenced 



Fig. I. Typic^u- exajiples of the 4 
types of oxygen consumption exhibited by 
h3'pothermic dogs. The no. of experiments 
in which each pattern was shown was as fol- 
lows: A-3, B-2, C-7, D-2. 


and the metabolism fell linearly to 24°C. rectal temperature, at wliich point respira- 
tion ceased. Resuscitation was instituted and successful rewarming effected. 
Three months later this animal was again cooled and rewarmed under pentothal 
anesthesia twice more with essentially the same response as expcrimeuls 6 and 13 of 
table I. 

Oxygen Consumption during Rewarming. In the first 7 experiments wherein 
rewarming was effected by spraying with warm water for about 5 minutes followed by 
exposure to room air of 25° to 28°C. shivering began between 24° and 28°C. rectal 
temperature. The O2 consumption showed an almost simultaneous sharp rise and in 
all cases but one greatly exceeded the pre-immersion control level. The one excep- 
tion occurred in the dog which did not shiver during cooling; and even in this case it 
is likely that, had the measurements not been terminated due to returning conscious- 
ness at 29.5°C., the control level would ultimately have been surpassed. Curve A 
of figure 2 is a t3T3ical O2 consumption pattern of a dog rewarmed in air. 
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nitude, could be stopped almost immediately and the O2 consumption would, within 
a short time, fall back to a line connecting the pre-immersion control level with that 
of 2o°C. A typical representative of this pattern is shown in curve B of figure 2. 

At no time during the course of these experiments was shivering observed while 
the dog was immersed in warm water. However, removal from warm water to air 
was invariably, and often within seconds, followed by the initiation of shivering. 
In one instance the animal was kept in warm water to a rectal temperature of 3o°C. 
with no evidence of shivering. Shortly after removal shivering began and the O2 
consumption curve took a sharp upward turn. This response is plotted as cur\’’e C 
of figure 2. 

Rales of Cooling. Through the use of the temperature recorder the opportunity 
was presented for the determination of precise rates of cooling. These data are 
presented in table 2, from which it may be seen that the mean cooling rates vary 
considerably between dogs as well as within the same dog on different days. Four 
of the 7 dogs showed a faster cooling rate on the second exposure while i showed a 



Fig. 3. Changes in rate of 
cooling and O2 consumption of a 
dog immersed in an iced bath. 
This dog showed great shivering. 


slower rate and in 2 there was effectively no change. The fact that the mean cooling 
rate on the second exposure was 8 per cent faster than on the first is not thought to 
be significant. 

If the mean cooling rates be separated in accordance with the 4 categories of O2 
consumption discussed previously a good correlation is obtained. In the 3 experi- 
ments wherein the O2 consumption reached a high peak, the mean cooling rate was 
0.133 C°/uiin.; in the two in which the rise was moderate, 0.20S CVuiin.; in the 7 
showing the late, slight rise, 0.313 C°/niin. ; and in the case of the dog which showed a 
progressive declination both times, 0.223 CVmin. Only in the latter case is the 
value not in complete accord with the amount of heat production by the animal as 
evidenced by his O2 consumption. In the i experiment wherein the dog that had 
shivered violently during both coolings under pentothal was cooled again under 
sodium amytal with no evidence of shivering the cooling rate increased 54 per cent. 

Data from 3 previous experiments involving freshly killed dogs are added to 
table 2. In these dogs it is seen that the mean cooling rate to 20°C. does not differ 
materially from that of the deeply anesthetized dog and is slower than all but 4 of 
the 14 observations on lightly anesthetized dogs. 
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The rate of cooling at any instant is closely associated with the metabolic activity. 
Evidence for this is seen in figure 3 in which the cooling rate is plotted against the 
Oo consumption in a dog which exhibited a great deal of shivering. Of primary 
interest in this graph is the fact tliat for a period of 4 minutes during the peak of the 
O2 consumption and shivering, this dog was able to effect a reversal of the cooling 
trend and actually rewarm slightly even in the face of the water bath temperature 
of 3“C. 

In the absence of shivering and metabolic increase during cooling the rate of 
cooling becomes high soon after immersion and progressively decreases as the recta! 
temperature of the animal approaches that of the environment. This relationship 
is pictured in figure 4. 


2 

2 

2 

o 

X 

g 

2: 

o 

Fig. 4. Changes in rate of cooling and ^ 
O3 consumption of a dog immersed in an iced ^ 
bath. This dog did not visually shiver. § 



DISCUSSION 

Although the use of anesthetized animals for observations of this type has been 
questioned from a physiological point of view (i) it proved desirable from many 
standpoints to induce a degree of light narcosis during the initial stages of cooling. 
Spealman (2) has shown that hypothermia in the unanesthetized dog is difficult to 
obtain by immersion in cold water. Cold itself, after sufficiently low body tempera- 
tures have been reached, acts as a narcotic which as pointed out by Haterius and 
Maison (3) is superimposed upon a long-acting anesthetic. For this reason pentothal 
sodium, which under normal conditions has a relatively short duration of action, 
was used on the theory that the cold would ultimately replace, rather than augment, 
the barbiturate effect. No direct proof for this supposition can now be offered, but 
this problem is being investigated. 

The use of rectal temperature as a criterion of body temperature in immersion 
experiments has also been questioned (4). There can be no doubt that in this type 
of experiment temperatures of different organs will vary appreciably, especially at 
the lower ranges. However, if care is taken in positioning the rectal thermocouple 
its temperature does not differ widely from that of other deep areas of the body above 
a temperature of 22°C. A fuller discussion of these temperature relationships will 
be included elsewhere. 

Grosse-Brockhoff and Schoedel (5) and Woodruff (6) have reported observations 
of O2 consumption in the hypothermic dog. The former authors found a maximum 
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increase of 6 times, usually 3 to 4 times, in the early phase of the cooling of lightly 
anesthetized dogs. They reported the peak to be passed at 33° to 3o‘’C,, a value 
somewhat higher than in our experiments. Likewise they reported that the metabolic 
level had always sunk below the pre-immersion value before the rectal temperature 
reached 25°C. In the 5 experiments of our series wherein the shivering was con- 
siderable the O2 consumption did not sink below, the pre-immersion control until a 
somewhat lower temperature was reached. 

Neither of the above groups cooled their animals to a temperature as low as 
2o°C. nor did they report classes of response during cooling. The fact that only 
below about 23°C. rectal temperature, below which shivering is no longer a factor, is 
it possible to predict with any degree of accurac}’’ the O2 consumption of a given 
dog is believed to be an important aspect of our findings. It is entirely conceivable 
that this considerable difference in response of dogs is related to their inherent sus- 
ceptibility to barbiturate anesthesia. It is not, however, correlated with quantit}' 
of pentothal. It is probable that, with enough animals, the 4 classes of response 
described above would give way to a complete spectrum of response varying from 
the very high peak in the dogs that shiver freely to the total absence of any peak 
in those dogs which fail to mobilize their defenses to the point of shivering. More- 
over, in the absence of any depressant effects of anesthesia, it is likely that the pre- 
dominant effect would be nearer the top of this spectrum than at the end wherein 
no increase was apparent. 

Many authors (7-12) have reported an initial stimulation followed by depression 
in the metabolic level of unanesthetized rats subjected to cold air or cold water. 
The peak does not appear to be as high, relative to pre-cooling controls, as in the 
case of dogs. This is doubtless related to the fact that the shivering ability of the 
rat is generally less than that of the dog. 

In the case of human patients, the observations have largely been made after 
prolonged exposures to cold. Smith and Fay (13) reported a BMR reduction of 
6 per cent to 25 per cent, but Dill and Forbes (14) found a decrease in only 6 of their 
28 observations made at temperatures of 25.5° to 38°C. Talbott (15) believes that 
the metabolism may well remain above the based level throughout the period of 
hypothermia, while Herrmann (16) and Geiger (17) hold that with prolonged hy- 
pothermia the BMR will be reduced, possibly showing a short period of stimulation 
early in the cooling. 

The sudden and dramatic cessation of shivering upon immersion in warm water 
during the rewarming phase of these experiments was striking. The onset of shiver- 
ing following removal from warm water to room air at rectal temperatures between 
24° and 3o‘’C. was almost as sudden. Uprus, Gaylor and Carmichael (18), using 
human subjects, observed a rapid shivering response to hot and cold baths, but, 
from their measurements of concurrent rectal temperatures, concluded the effect was 
of central origin and always correlated with a rise or fall of blood temperature. Jung, 
Doupe and Arnold (19) take exception to this view and hold that peripheral stimuli 
play a major role in this effect. Hemingway (20), using diathermy treatment on 
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dogs, found results wMdi seem to substantiate Uprus el ak, but, from the suddenness 
of the response, our results favor the theory of peripheral origin. 

Our data on rates of cooling do not appear to confirm a close relationship to 
body siEe. It is possible, however, that this effect was masked by the large variability 
in shivering. It is significant that in lo of our observations the mean cooling rate 
was faster than is tlie case with a dead dog and only in 4 experiments, in which the 
shivering was great and prolonged, was the live animal able to effect a slower cooling 
rate. It is thus apparent that the dog is unable to effect sufficient peripheral vaso- 
constriction to prevent the conduction of a significant amount of heat to the surface 
even when exposed to extreme cold. 


SUMMARY 

Seven lightly anesthetized dogs were each cooled twice in an iced water bath 
to a rectal temperature of 2o°C. and rewarmed in room air at 25° to 28°C. and/or 
warm water at 40° to 42°C. The O2 consumption and rates of temperature change 
were recorded continuously. One of the dogs which shivered considerably on both 
coolings was subjected to a third cooling under deep, prolonged anesthesia. In ad- 
dition, 3 observations of cooling rates of dead dogs are presented. 

It is shown that the O2 consumption varied directly with the shivering response 
and in the 14 experiments 4 distinct patterns were detectable. It is suggested that 
variations in shivering response patterns may be a function of susceptibility to bar- 
biturate anesthesia. 

Below 23°C, rectal temperature shivering is no longer a factor and the Oo con- 
sumption of all dogs falls lo appro.ximately one third that of the pre-cooling control 
level. 

During rewarming all dogs shivered greatly when exposed to room air, beginning 
between 24° and 28°C. rectal temperature. The shivering could be stopped almost 
immediately by immersion in warm water. The O2 consumption pattern followed 
very closely that of the shivering. 

In 4 of the experiments, through profound shivering the dog was able to delay 
the body cooling such as to make the mean cooling rate slower than that of a dead 
animal. In the other 10 experiments the cooling rates were all faster than for dead 
dogs. 
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I NCREASED pulmonar}'' ventilation in response to lowered oxygen pressures has 
long been recognized in man. For a given o.xygen pressure, however, this re- 
sponse is not the same for acclimatized and unacclimatized man. In order to 
analyze the changes which occur during the process of adaptation, various types of 
experiments have been designed. It is our objective i) to describe the difference in 
alveolar air composition between persons acclimatized to various altitudes and 
persons residing near sea-level who are acutely e.xposed to similar altitudes and to 
predict on this basis the ventilatory acclimatization for any altitude, 2) to verify this 
prediction in experiments on 3 subjects acclimatized to an altitude of 9500 feet for a 
period of 3 weeks, j) to describe the respiratorj’’ response of men acutely exposed to 
lower and higher o-xygen pressures after acclimatization to various altitudes, and 4) 
to present data which indicate a greater sensitivity of the respiratory system to CO2 
after acclimatization to altitude. 

Difference hehveen Alveolar Air Composition and Ventilatio7i of Acclitnatized 
and Un acclimatized Man at Similar Oxygen Pressures. The alveolar gas composition 
of permanent residents as well as sojourners acclimatized to altitude have been col- 
lected from reports of various mountain e.xpeditions and are presented in table i. 
The alveolar respiratory quotient has been computed in each case from the alveolar 
gas equation (i, 2). 


R. Q. 


.791 pCO; 

.209 (B — 47 — pCO") — pO" 


Equation i 


The values obtained by Fitzgerald (24) are not indicated in the table since they cover 
various altitudes from 4000 to 14,000 ft. on permanent residents of Colorado, U. S. A. 
The averages of her determinations, however, are incorporated in figure i and since 
only COo determination was made, the alveolar oxygen pressure was computed by 
the alveolar gas equation, assuming a resting R.Q. of .83. 

As far as can be ascertained, all samples were collected during rest, and from a 
forced expiration following a normal expiration. The samples of Helmholz and 
Boothby (3), Boothby (2) and Hall and Wilson (4) were taken at the end of inspiration 
and have been corrected in figure i and table i to ‘end-expiration’ samples by adding 

Received for publication Februarj' 21, 1949. 
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I mm. CO2 and subtracting 2 mm. O2 (s). It must further be appreciated that pos- 
ture changes the resting alveolar gas concentrations considerably. It had to be as- 
sumed that all observations in tlie literature were made in the sitting posture. 


Table i. Alveolar air composition op sojourners and permanent residents at various 

ALTITUDES AS RECORDED IN THE LITERATURE 


NO. 

ALTITtrOE 
1000 FT. 

BAR, PRES., 

lai. no 

NO. SUBJECTS 

AtVEOLAR 

j AUTHORITif 

pCOs 

pOj 

i R.Q. 

1 

I* 


760' 

16 

38.0 

106.0 

00 

to 

00 

(3) 

2 


748 

22 

38.1 

100.7 

•797 

Our data 

3* 


733 

35 

1 37-7 

100.3 

• 853 

(2) 

4 



132 



i 

(24) 

5* 


6ro 

32 

33-3 

79-5 

.866 

(4) 

6 


543 

10 

34-0 

64.0 

.828 

(25) 

7 

10. 0 

525 

8 

31-5 

61.9 

.813 

(27) 

1 



3 

31-5 

63.9 

• 845 


6 

12.5 

489 

10 

30.0 

58.0 

0 

10 

00 

(25) 

7 

14.0 

446* 

3 

25-9 

SI. 6 

.776 

(27) 

8 

14.2 

458 


26.8 

53-7 

■793 

(26) 

9 

14.2 

458 1 

4 

27.9 

52.6 

.807 

(18) 

10 

15-4 

429 

II 

28.0 

46.9 

.820 

(28) 


17-5 

401 

10 

25.6 

42.3 

.761. 



20.1 

356 

9 

21.4 

37.7 

.761 


II 

21.2 

331^ 

2 

17.7 

42.5 

? 

(29) 


22.8 

3io‘ 

2 

15-6 

37.0 

■ 845 


12 

22.7 

337 

I 

17.7 

40.7 

.860 

i 

(30) 


1 Based on Altitude-Pressure Tables, U. S. Stand. Atmos. * Alveolar values corrected for end- 
expiratory samples as explained in text. 


Table 2. Average alveolar air cosiposition of 22 men exposed to various simulated 

ALTITUDES IN A LOW-PRESSURE CHAMBER. SAMPLES WERE TAKEN EVERY lO MIN. DURING 
AN EXPOSURE BTIICH LASTED ON THE AVERAGE ONE HOUR 


ALTITUDE 
lOOO FT. 

BAR. PRES. 
MM. HC. 

NUMBER Of 
DETERMIK. 

ALVEOLAR 

pCO- 

S.D. 

pOj 

S.D. 

R.Q. 

Alv. Vent. 
Ratio 

(calculated) 

0.55 

748 

130 

38.1 

3-5 

100.7 

6.5 

•797 

I .00 

12.0 

483 

117 

37-4 

3-0 

47.6 

4.7 

.830 

1.06 

16.0 

412 

48 

31-7 

4.7 

40.7 

6.1 

.869 

I- 3 I 

18.0 

379 

160 

30-3 

3-8 

36.5 

4-5 

•905 

1-43 

20.0 

349 

36 

26.9 

4-7 

34-3 

5 -r 

.918 

1.62 

22.0 

321 

23 

24.6 

3-7 

31-3 

4.6 

•937 

1 .81 


The acute exposures to low oxygen pressures have been carried out by means of 
a low pressure chamber. Twenty-two young men were exposed, on the average, i 
hour at various simulated altitudes. By far the greatest part of the data was ob- 
tained on 8 men who served as regular subjects in these experiments lasting over 3 
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months. AH of these men participated daily either as observers or subjects and were 
thus well trained and had complete confidence in their work. This absence of all 
anxiety is a prerequisite in obtaining reliable and typical respiration responses. Al- 
veolar samples were collected approximately every lo minutes in the sitting position 
from a forced end-expiration and analyzed by the Haldane method or by the auto- 
matic oxygen and carbon-dioxide analyzers described by Rahn et al. (5). The alveo- 
lar gas concentrations for the acute exposure to various altitudes are listed in table 2 
and represent the average for the whole period of exposure. 

“When the alveolar oxygen and carbon dioxide tensions are plotted on the Fenn 
CO2-O2 diagram we obtain 2 distinct curves differentiating acclimatized from unac- 
climatized men (fig. i). The iso-altitude line on such a diagram is represented by a 



Fig. I. Difference in alveolar air composition between man acutely exposed to various 
altitudes (solid dots from table 2) and man acclimatized at various altitudes (open circles; the num- 
bers refer to references in table i). Two iso-altitude lines for a R.Q. = .85 are represented 
as diagonals. 


diagonal the origin of which lies at the inspired oxygen tension for each altitude and 
the slope of which is determined by the respiratory quotient (i). As an example, the 
figure includes the iso-altitude lines for 12,000 and 18,000 feet at a respiratory quo- 
tient of .85. Any alveolar air or e.xpired air values at this R.Q. must lie on. these 
lines at these altitudes. Under similar conditions altitude diagonals for other pres- 
sures lie parallel to those indicated in figure i. 

Two striking facts are revealed; i) at a given altitude the alveolar pC02 is always 
lower and the O2 higher in the acclimatized man; 2) the alveolar PCO2 does not fall 
m the unacclimatized man until an alveolar pOo of 50-60 mm. Hg is reached, whereas 
m the altitude residents the fall begins at appro.ximately 100 mm. Hg, or sea level. 

From the alveolar gas concentration the relative alveolar ventilation can be comr 
puted from the equation of Fenn (i), 

V - -^^^XoQ 

“"alv.pCOs Eguaiiou2 
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where equals alveolar ventilation in liters per minute B.T.1^S.; Xp equals the 
oxygen consumption in ml. S.T.P.D.; Q, the respiratoiy quotient, and .864 is a con- 
stant. This formula is valid when the inspired air contains no CO2. 

In order to compute the relative alveolar ventilation the assumption has to be 
made that the resting oxygen consumption is unaffected by the altitude. The value 
obtained at the common origin of these 2 curves in figure i at the alveolar pCO: = 
38.0 is designated as the alveolar vcntilalion ratio of i.oo. The values taken for calcu- 
lating the alveolar ventilation curve for the acclimatized men are as follows: the CO2 
is based upon the average curvm presented in figure i, while for the R.Q. the value of 
.82 was used which represents the average R.Q. for all determinations in table i. 

For the acute exposure the ventilation ratio was computed only from the alveolar 
values obtained during the last 10 to 20 minutes of exposure where the R.Q. had 
returned to an average value of .85 (6). This makes the R.Q., for our purposes, prac- 
tically identical with those obtained for the acclimatized people. Thus, for both 
groups the alveolar ventilation becomes only a function of the pCO; and in figure 2 
the alveolar ventilation ratio, R., as well as the alveolar pCO: can be plotted as 
ordinates against the alveolar pOs and the altitude lines. 

Furthermore, the change in serum-bicarbonate of the blood to be expected after 
acclimatization is completed, can be indicated on the same diagram. If one assumes 
that the upon acclimatization returns to normal (7-10), it follows from the Hender- 
son-Hasselbalch equation that the bicarbonate level likewise becomes a function of 
the alveolar pC02 only. 

Figure 2 is particularly helpful in predicting the pathway of the alveolar air 
composition, and alveolar ventilation during the process of acclimatization for any 
altitude. If we accept these 2 curves, then the process of this adaptation must pro- 
ceed along a line connecting them. The exact acclimatization pathway, however, is 
already definitely prescribed by the iso-altitude diagonal as long as the R.Q. remains 
within normal limits. Thus, for e.xamplc, the pathways for 5, 10, 15 and 20 thousand 
feet altitude for an R.Q. of .85 are indicated in figure 2. The acute exposure value 
after 30 to 60 minutes at these altitudes will lie at the intersection with the unacclima- 
tlzed curve. The acclimatization pathway will in each case proceed down the alti- 
tude diagonal and come to rest at the final intersection with the acclimatized curve. 
The rate at which this process takes place has been established for the io,ooo-ft. 
altitude and is discussed below. It is of interest to compare the alveolar values ob- 
tained by Houston and Riley (8) on 4 men exposed gradually over 4 weeks to increas- 
ing altitudes up to 22,000 ft. in a low-pressure chamber. These men never completely 
acclimatized to any altitude and their alveolar values, described recently in greater 
detail (38), fall approximately half-way between the 2 curs’^es in figure 2. 

The alveolar ventilation cur\’^e for acute exposure is of great interest since it 
indicates no increase in ventilation until the alveolar pOo drops to values below 60 
mm. Hg. This corresponds to an altitude of approximately 1 2,000 ft. or to breathing 
a mixture of 13 per cent oxygen in nitrogen at sea level and is in general agreement 
with the recent data of Soley and Shock (ii), Dripps and Comroe (12) and Rahn and 
Otis (6) who measured the total ventilation at various ox}’’gen pressures. Furthermore, 
the alveolar ventilation ratios calculated from the extensive alveolar CO2 and O2 
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determinations of Boothby (2) yield values very similar to our own. Thus, it seems 
quite, certain now on the basis of direct measurements as well as calculations based 
upon the alveolar gas composition that ventilation in man acutely closed to low 
oxygen pressures does not increase measurably until the alveolar ox}’-gen pressure 
drops to about one half of normal (50-60 mm. Hg). 

On the other hand, the alveolar air composition of permanent residents or re- 
cently acclimatized men indicates a greater than normal (sea level) ventilation. 
Thus, the hypoxic stimulus is inhibited during at least the first hour in the acutely 
exposed unacclimatized man. Since below 12,000 ft. altitude this inhibition cannot 
be due to hyperventilation alkalinity, the only factor that suggests itself is the alka- 



Fig. 2. Difference in alveolar air composition and relative alveolar ventilation ratio, 
VaR, between unacclimatized man (upper curve) and acclimatized man (lower curve). The calcu- 
lated change in the alkali reserve, Aik. Res., does not apply to unacclimatized man and applies to the 
acclimatized man only on the assumption that the arterial pB. has returned to normal. The iso- 
altitude lines are constructed for an R.Q. = .85. 


linity produced by the lowered saturation of the arterial blood. At 12,000 ft. this 
amounts to about 0.008 pH unit at a pOz (alveolar) of 50 mm. Hg and pCOz or 38 
mm. Hg or an HbOz per cent of 86. On the basis of Gray’s multiple factor theory 
this change in pH would produce an inhibition of about 16 per cent of the alveolar ven- 
tilation which is just about balanced by a 20 per cent ventilation increase stimulus 
shown in the acclimatized man at this altitude (13). 

In order to increase the ventilation, therefore, at this altitude one may speculate 
that compensatory changes in the blood pn must occur bringing the pH back to 
normality before the hypoxic stimulus can effectively exert itself. This is not at- 
tained at the end of one hour exposure but appears soon thereafter as will be discussed 
below. 

Acclimalizaiion of the Respiratory Responses Tested at g^oo Ft. During the stun- 
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mer of 1946 three of us took up residence at the University of Wyoming Science Camp 
located in the Snowy Range at an altitude of 9500 ft. (B = 535 )- B^ior to this resi- 
dence daily determinations w^ere made at Rochester, N. Y., to establish the normal 
alveolar gas concentration, ventilation volume, respiratorj’’ rate and breathholding 
performance tests. Instrumentation was similar to that used in previous experiments 
(5). All tests W'ere run between 10 a.m. and 12 m. The subject w'as comfortably 


Table 3. Accliuatizatiok of subjects, a.o. and r.s. at 9500 ft. altitude 
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Averages on three subjects A.O., R.S. and II. R. before and after acdimalization 
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seated and the alveolar air continuous^ anal3'^zed. Ydien after 10 minutes or longer 
the alveolar gas concentrations had stabilized, the values w’ere recorded every minute 
for 5 minutes and averaged. During tliis period the ventilation volume and breatliing 
rate w'ere automatically recorded on paper tape and averaged. This procedure w'as 
followed by 2 breathholding tests (see below'). Tw'o days prior to leaving for the 
mountains similar tests W'ere made in our high-altitude chamber at the end of i hour 
exposure to an altitude of 9500 ft. This acute exposure as can be seen in table 3 
show'ed no change in the alveolar pCOo or ventilation as had been predicted. 
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Twelve hours after arrival at the altitude camp the test was repeated until the 
end of the 3-week stay. These data are based largely upon 2 subjects, since the third 
had to set up equipment in advance and was partially acclimatized at the time the 
tests could be started. 

Table 3 indicates that the CO2 had already dropped nearly halfway to its final 
value at the end of a 12-hour exposure and plateaued off at the end of 4 days at this 
altitude where it remained constant. This progression is shown on the O2-CO2 
diagram in figure 3 and follows the predicted course except for the low R.Q. values. 
Not only was the pathway as predicted during the process of respiratory acclimati- 
zation, but also the final values after acclimatization fell exactly upon the predicted 



Fig. 3. Noriul and breath holding breaking point alveolar air composition (dotted line) 
of 2 subjects during acclimatization at 9500 ft. The numbers in the circles indicate the days of 
residence at this altitude. The number o indicates i hour exposure and R the 3-i8th day. ‘A- 
indicates the average for all 3 subjects after respiratory acclimatization was complete. The 2 
alveolar air curves (solid lines) are based on figure 2, while the breaking point curve is based on 
previous data (19) shown also in figure 7. 

CO2 level. Precisely the same change was recently observed by Hetherington, Luft 
and Ivy (14) when they reported an average difference of 7 mil pC02 after acclimati- 
zation to 10,200 ft. 

The fall of the alveolar R.Q. from an average of .84 to .76 (table 3) is of great inter- 
est. Although we have no satisfactory explanation, it should be pointed out that 
Hasselbalch and Lindhard (15) made similar observations during their 17-day stay 
at an altitude of 10,800 ft. Very recently the studies of Hetherington, Luft and Ivy 
(14) have confirmed these observations on 27 men who were taken from an elevation 
of 750 ft. to a io,2oo-ft. level for a period of 2 weeks. The alveolar R.Q. was altered 
from an average of .80 to .75. Upon return to near sea level they observed a very 
slow return to the original value. 
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On the basis of the change in the alveolar pCOa and R.Q. before and after acclima- 
tization (last column, table 3), the predicted increase in alveolar ventilation should 
have been 38/31 X . 767.84 or ii per cent above the Rochester value provided that 
the resting oxygen consumption remained unaltered. Actually no significant change 
was observed. This could most easily be explained by a lower resting oxygen con- 
sumption at altitude. However, the studies and review of the literature by Lewis, 
Hlif and Duval (16) indicate no change in basal metabolism in a comparison of 15 
independent studies ranging from sea level to 7000 ft. In our subjects the number of 
breaths per minute was not altered, nor was there any appreciable change in the blood 
saturation as measured by the Millikan oximeter from that obtained during acute 
exposure at Rochester. 

Averages for all 3 subjects at Rochester and after completion of respiratoiy' accli- 
matization at Wyoming are given at the bottom of table 3. The rate of pulmonary 



HOURS EXPOSURE AT 8-10000' 

Fig. 4. Rate of change of the alveolar pCOj during acclimatization to an altitude of 8000- 
10,000 ft. 

adaptation is best visuaUzed in figure 4, in which the alveolar CO2 level is used as 
the index of acclimatization. This is completed by the end of 90 hours at this par- 
ticular altitude. The rate must be governed by the degree of alkalinity incurred from 
the hyperventilation and the rate of base excretion from the kidneys. Our studies 
which start after 12 hours are well supplemented by those of D’Angelo (17) who ex- 
posed a large number of men in a high-altitude chamber to altitudes of 8 and 10 
thousand feet for 10 hours. Although the alveolar gas was not determined directly 
in his studies, the CO2 can readily be calculated from the ventilation equation, since 
all the pertinent data were given, if one assumes a constant dead space. Thus, a 
fairly complete picture of the rate of acclimatization is obtained for the first time, 
since other expeditions were always forced to spend several days at various interme- 
diate altitudes and thus became partially acclimatized before reaching their final 
destination. 

Respiratory Response of Ma 7 t Acutely Exposed to Lower and Higher Oxygen Pres- 
sure after Acclimatization to Various Altitudes. The only extensive data are those of 
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Hall and Wilson (4) who acclimatized 32 subjects to analtitudeof 6200 ft. at Colorado 
Springs. These subjects were then exposed to various altitudes in a low-pressure 
chamber and their alveolar gases analyzed. Our data extend these observations to 
9500 ft. where we breathed a mixture of 12 per cent oxygen in nitrogen after acclima- 
tization (table 4). 

The breathing of high oxygen mixtures after acclimatization causes no immediate 
change in the alveolar pCOs and consequently no decrease in ventilation (table 4). 
This is in agreement with the recent work of Houston and Riley (8) who found that 
their subjects after being acclimatized to 22,000 ft. maintained their high ventilation 
and low CO2 value after being brought back suddenly to the relativel}'- high-ox3’-gen 
pressure of sea level. It would seem that re-acclimatization to sea level must occur 
slowly by retention of base in a similar process, but in reverse to that described above. 


Table 4. Respiratory response to 100% and 12% oxygen aeter acclimatization to 9500 ft. 

ALTITUDE 
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as demonstrated many years ago by Douglas et al. (18) upon their descent from 
Pike’s Peak. 

Figure 5 attempts to summarize the alveolar response of man exposed to various 
oxj'^gen tensions after acclimatization. The solid line represents the alveolar values 
of the acclimatized individual as seen in figures i and 2. Point A is the sea level value 
and the dotted curve originating at this point is the acute response to low and high 
ox}'gen pressures. Point B is the alveolar value for man living at Colorado Springs 
at 6200 ft. and the dotted line again indicates the alveolar response when acutely 
e.xposed to lower oxygen pressures (4) . Point C is the acclimatized point for approxi- 
mately 10,000 ft., while the dotted line through this point indicates the response to 
lower as well as higher ox3’-gen pressures. Similar curves could be drawn for other 
altitudes and the approximate alveolar response predicated as well as the ensuing 
acclimatization pathway. Thus as an example, if a man living at Colorado Springs 
were suddenly placed at an altitude of 18,000 ft. his alveolar pathway would start at 
B, jump to the intersection of the 18,000 ft. diagonal witli the alveolar cur\'e (dotted 
line) originating at B. From there it would travel down the 18,000 ft. altitude diag- 
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onal to its intersection with tlie acclimatized curve (solid line). On the other hand, 
if returned from 6200 ft. to sea level his alveolar pathway would travel from B on the 
dotted line to the right until it intersects the sea level diagonal and from there 
proceed slowly upward to point A. 

Increased Scnsilivily of the Respiratory System to COt after Acclimatization. A) 
CO2 inhalation. The first experiment measured the ventilation response to CO2 
added to the inspired air. The percentage composition of the various gases inhaled 
are listed in table 5 and give approximately the same CO2 tension in the moist inspired 



ALVEOLAR pOg 


Fig. 5, Alveolar air composition of the acclimatized man (solid line) and the changes which 
occur (dotted line) when man acclimatized at sea level, (A); 6000 ft. altitude (B); and 10,000 altitude 
(C), is acutely exposed to lower or higher oxygen tension. See text 

air at both altitudes. The procedure was such that the subject inhaled consecutively 
air, low CO2 and high CO2 mixture each for 15 minutes from a demand regulator on 
each gas cylinder. Thus the change could be made instantaneously from one to the 
other without interruption. Minute to minute recordings were made of the alveolar 
gas composition, ventilation volume and rate, and ear oximeter. The last 5 minutes 
of each 1 5-minute exposure period were averaged. The 3 subjects were run on 2 occa- 
sions at both altitudes. The combined averages of all 6 runs are given in table 5. 

Although the steady state was not attained with CO2 breathing, as indicated by 
the low R.Q., the exposure time in all cases was the same and allows a comparison at 
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these 2 altitudes. Figure 6 indicates a greater ventilatory response for any given 
inspired COj tension after acclimatization to 9500 ft. The ventilation increment is 
approximately 50 per cent greater over the range tested. Although breathing CO2 
increased the alveolar O2 tension considerably it is expected that this in itself would 
not influence the response of the respiratory system during an acute exposure (see 
discussion above). If it did, the higher Oo tension at altitude would tend to decrease 
the differences. 

The sensitivity of the respiratory system might also be expressed in terms of 
change in alveolar pCOs which will produce a certain percentage increase in ventila- 
tion. If this is done for the high CO2 mixtures at Rochester and Wyoming, we find 
that after acchmatization to altitude 0.75 PCO2 induces the same ventilation increase 
as i.oo PCO2 at Rochester. 


Table 5. Efeects of coj addition to the inspired air at Rochester, n. y. and after 

ACCLIMATIZATION TO ALTITUDE. EACH FIGURE REPRESENTS AVERAGES OF TWO RUNS ON 

EACH OF THREE SUBJECTS (SEE TEXT). 
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B) Brealh-holding tests. The breath-holding tests were similar to those de- 
scribed by Otis, Rahn and Ferm (19). At the end of normal expiration the breath 
was held until the breaking point was reached and the alveolar air analyzed. The 
breath holding time and the ear oximeter reading were recorded. These data are 
summarized in table 3, while table 4 gives additional data for similar tests carried out 
breathing 12 per cent oxygen and 100 per cent oxygen after acclimatization was com- 
pleted at 9500 ft. During the process of acclimatization the composition of the 
alveolar gas at the breaking point changes in much the same way as the alveolar gas 
before breath holding. This is shown by the 2 ‘pathways’ plotted on the PO2-PCO2 
chart in figure 3. 

On the basis of the various data in table 3 and 4 the breaking point curve and 
the normal alveolar curve after acclimatization have been drawn in figure 7 together 
with similar cun’-es obtained previously on unacclimatized men (19). The vertical 
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distance between the alveolar air curve and the breaking point curve represents the 
magnitude of the CO2 stimulus necessary to achieve the breaking point for a given 
ox>^gen tension. Thus this distance may be regarded as measure of the sensitivity 
of the respiratory center to CO 2. 

One can readily see that the vertical distance between these 2 cur\'es is much 
greater at Rochester than after acclimatization to 9500 ft. (B = 535). At the right 
hand side of the graph CO2 is the only factor concerned in achieving tlie breaking 
point, oxygen having no effect. Thus near sea level it takes a difference of about 
(65-38) 27 mm. Hg CO2 to reach the breaking point while after acclimatization to 
9500 ft. at theidentical oxygen pressurea differenceof 18 mm. Hg (50-32) is sufficient. 
If we regard the breaking point as an expression of ventilation response (the same at 
both altitudes) then it is obtained by a change of or .67 PCO2 at 9500 ft. as com- 
pared with -H' or 1.00 PCO2 near sea level. This figure agrees reasonably well with 
the relative stimulus of .75 obtained with CO2 inhalation (test described above). 



INSPIRED pCOg 


Fig. 6. Effect of the in- 
spired CO; TENSION upon thc total 
ventilation at sea level and after 
acclimatization to altitude. For 
details consult table 5. 


From the CO2 dissociation curve one may estimate the CO2 content of the ox)’’- 
genated plasma at a pCO; of 38 mm. Hg and a of 7.4 to be 55 vol. per cent. If 
we assume that after acclimatization to 9500 ft. the pii returns to normal, then the 
CO2 content is reduced to 44 vol. per cent at a of 7.4 and a pCO; of 31 (breathing 
pure O2). Under these conditions the computed at the breaking point for both 
altitudes is the same, namely 7.25. Thus under these conditions of breath holding 
with pure oxygen where oxj'-gen lack does not enter as a stimulus it is very tempting 
to regard as the determining factor at the breaking point. Furthermore, the- 
increased sensitivity of the respiratory system to CO2 after acclimatization might 
merely be the effect of this gas on the reduced buffering capacity of blood and tissues. 
This of course would also explain the continuation of hyperventilation wdien man 
acclimatized to altitude is suddenly exposed to higher than normal oxygen pressures. 

C) Breath-holding lime. From the above discussion it should follow that when 
a man acclimatized to various altitudes breathes pure oxygen and then Holds his- 
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breath, the breath-holding time is simply a function of his alkali reserve. Thus, from 
figure 2 one can estimate an alkali resen’-e reduction to about 8o per cent of normal 
at 10,000 ft. while the breath-holding time on pure ox}>'gen in 2 of our subjects (J?.S. 
and fl'.i?.) was reduced to 70 per cent. Unfortunately, no further data are available. 



Fig. 7. NoRAtAi- alveolar air composition and that obtained after breath holding when man 
is exposed acutely to various oxygen tension. The heavy lines pertain to man acclimatized near 
sea level, the h'ght h'nes after acclimatization to 9500 ft. 


Table 6. Breath-holding time at altitude (percent of sea level value) 
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* The values at these particular altitudes were in part obtained by interpolation of the data. 


When breathing air, however, the breath-holding time is in addition affected by 
"the hypoxic stimulus. Even so the decreasing buffering capacity during the process 
of acclimatization should exert itself by reducing the breath-holding time as was long 
ago observed by Schneider (20). Table 6 attempts to summarize the recent investi- 
gation of breath-holding time during acute exposure to low oxygen. These data are in 
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very good agreement and are plotted in figure 8. When this cun^e is compared to 
the relatively few breath-holding data known for acclimatized man (20, 34, 35) a defi- 
nite reduction in breath-holding time is indicated. This decrease in breath-holding 
time with acclimatization may to some extent be explained by the reduced buffering 
capacity but may in part be counteracted by a reduced sensitivitj^ to low oxygen. 

DISCUSSION 

Experimental evidence and data from the literature are compared and indicate 
that the alveolar air composition and consequently the ventilation response of the 
respiratory system differ between acclimatized and unacclimatized man for any 
altitude above sea level. In general it may be stated that the acclimatized subject 
has a greater ventilation and consequently a lower PCO2 and a higher pOj compared 
to an unacclimatized individual exposed acutely for one hour to tlie same altitude. 



ALTITUDE - X 10^ U. 


If the rate of respiratory acclimatization is appraised by the alveolar CO2 levels 
then our data indicate that this process requires 4 days at an altitude of 10,000 ft. 
while the data of Douglas el al. (18) indicate at least twice as long at 14,000 ft. This 
ventilatory inhibition, which is thus gradually overcome during the adaptation 
process, is most simply explained by the respiratory alkalosis incurred from the hy- 
poxic hyperventilation of the acute exposure. With the excretion of base the pn 
gradually returns to normal during the acclimatization process and tlie ventilatory 
inhibition is gradually diminished. 

Direct and indirect (from alveolar air composition) measurements of the venti- 
lation indicate no measurable change until man is acutely exposed to altitudes above 
10,000 to 12,000 ft. At this altitude the alveolar and arterial p02 tensions are be- 
tween 50 and 60 mm. Hg. This is the approximate threshhold response described by 
Schmidt and Comroe (21) for the chemoreceptors in dogs. On the other hand, 
V. Euler, LiljestrandandZotterman(22), recording the activity of the sinus nerve, place 
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the oxygen threshhold much higher. This is supported by our curve of acclimatized 
man which indicates relative hyperventilation as soon as pOj drops below sea level 
values (fig. 2). Thus we must look for an inhibition which temporarily (approxi- 
mately I hour) prevents hyper\’-entilation when man is acutely exposed to altitude 
less than 10,000 to 1 2,000 ft. or to equivalent oxygen pressures at sea level. The only 
apparent change is the desaturation of the arterial blood which brings about a small 
increase in the arterial pR. One might argue that not until secondary compensations 
take place which return the pR to normal level would the hypoxic stimulus be able 
to exert its effect. That such compensatory changes can occur in a relatively short 
time has been shown recently by Bjurstedt (23) who measured the pR continuously 
in dogs exposed to low oxygen. 

Thus the conflicting views as to the hypoxic threshhold of the chemoreceptor 
may be reconciled by considering that this hypoxic drive upon the acute exposure up 
to approximately 10,000 to 12,000 ft. altitude (13-14% O2 at sea level) can be detected 
by an increase in action potentials from the chemoreceptor (22) but is masked by the 
desaturation alkalosis if measured by increase in ventilation volume (21). 

However, when alveolar oxygen tensions lower than 50-60 mm. Hg are encoun- 
tered the chemoreceptor drive becomes enough to overcome the inhibitory desatura- 
tion alkalosis and now produces an increased ventilation. The recent findings of 
Bjurstedt (23) that the chemoreceptor drive is actually potentiated by the resulting 
arterial alkalosis make it hard to explain the unresponsiveness in man acutely exposed 
to inspired oxygen tension above 13 to 14 per cent oxygen. 

The maintenance of the relative hyperventilation at altitude has generally been 
attributed to the increase activity of the chemoreceptors. Wflien after an acute ex- 
posure to altitude the subject is again returned to normal oxygen concentration the 
ventilation is immediately reduced to normal and even below normal depending upon 
the alkaUnity incurred under the previous hyperventilation. In fact this subnormal 
ventilation after a stay at 22,000 ft. may last as long as half an hour (6). 

However, if acclimatization to altitude has occurred, then a sudden removal to 
sea-level oxygen values does not reduce the ventilation immediately. This was long 
ago observed by Douglas ei al. (18) and others, and most recently by Houston and 
Riley (8) . Hyperventilation is maintained at sea level and gradually diminishes over 
a period of several days. This might suggest that after acclimatization to altitude 
the chemoreceptor activity is reduced and thus removal of the hypoxic stimulus has 
little effect upon the ventilation. Bjurstedt (23) has recently come to this conclusion 
in studies on dogs where he was able to differentiate between the centrogenic and 
chemoreflex control of ventilation during various stages of acclimatization. His 
findings indicate that the chemoreflex drive is all important during the acute exposure 
to hypoxia and is actually potentiated by concomitant alkalosis. After secondary 
compensations set in and return the arterial pR to normal, the chemoreflex drive 
diminishes and the centrogenic drive is supernormal and is largely responsible for the 
maintained hyperventilation after acclimatization to altitude. 

Thus, the respiratory system response, according to this concept, is very similar 
to that at sea level with the exception that due to the lowered buffer capacity (BHCO3 
content) it must, according to the Henderson-Hasselbalch equation, become more 
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sensitive to equal change in CO2 as long as the -pB. is considered as one of the stimula- 
tory factors acting upon the centrogenic drive. 

Consequently, breathing pure oxygen after acclimatization to altitude or sud- 
denly returning to sea level might reduce part of the already insignificant chemoreflex 
drive, but any reduction in ventilation %vill have a profound effect upon the acid-base 
balance and the immediate fall in pB and rise in pC02 will stimulate the respiratory 
center and thus prevent the drop in ventilation. Thus the same factor which oper- 
ates to maintain a constant alveolar pC02 and arterial pB at sea level also operates 
to maintain the same arterial pB after acclimatization to altitude. The chemorecep- 
tors play only a temporary part in the acclimatization process to high altitude in 
producing enough over-ventilation to lower the alkali reserve. Once this has been 
accomplished and the arterial pB has returned to normal, the centrogenic drive is able 
to maintain this h}Tper\’-entilation by its greater sensitivity to CO2, tliis in turn being 
merely a reflection of the lowered buffering capacity. On such a basis one may find 
a ready explanation for the altered response of the respirator}^ system to inhalation 
of CO2, breath-holding time and breaking point concentrations described above. 
Gray (36), on the other hand, leans toward the idea that prolonged acapnia as seen 
in altitude acclimatization increase the sensitivity to CO2 per se, while tlie sensitmty 
of the respiratory system to pB remains unaltered. 

If the chemoreceptor drive is relatively unimportant once acclimatization has 
been achieved then one should be able to simulate the respiratory responses of an 
altitude-acclimatized individual by any means which would induce a lowering of the 
alkali reserves at sea level. This could be achieved by prolonged hyperventilation 
or ammonium chloride ingestion. The effects of prolonged hyperventilation (24 
hours) in a Drinker respirator have recently been reported by Brown et al. (37). 
They show in 3 subjects a considerable reduction in the serum bicarbonate level ac- 
companied by an increased sensitivity to inspired CO2 similar to the response reported 
in our observations at high altitude. Furthermore, after leaving the respirator 
involuntary hyperventilation was maintained for a considerable period as seen also 
in people returning from prolonged stays at high altitudes. Preliminai}’- experiments 
in this laboratory have shown that daily ingestion of 15 gm. of NH4CI for 3 days 
reduces not only the breath-holding time but also the alveolar pCOn at the breaking 
point of breath-holding in a manner similar to that observed after acclimatization to 
10,000 ft. These experiments suggest, as has been pointed out by others, that a large 
part of the respiratory adaptations concerned with acclimatization to altitude is con- 
cerned with an adaptation to a lowered pC02 and a reduced buffer system of the blood 
which in turn raises the p02 tension and also prevents large fluctuations in O2 tensions 
which are encountered during stresses such as work or voluntary apnea. 


SUMMARY 

With the aid of an O2-CO2 diagram data are presented which allow one to 
predict the alveolar O2 and CO2 composition as well as the relative alveolar ventila- 
tion i) when man is exposed acutely to any altitude, 2) during the process of respira- 
tor}'- acclimatization at any altitude and 5) when acclimatization is complete. In 
addition, the alveolar pathways can be predicted and described once man is acclima- 
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matized to any particular altitude and is then suddenly exposed to higher or lower 
oxygen pressures. These predictions were in part verified by an acclimatization 
study carried on at an altitude of 9500 ft. for a 3-week period. 

Evidence is presented for a pOa threshhold of the chemoreceptor drive of venti- 
lation at approximately 100 mm. Hg. This is observed in the ventilation curve of 
people acclimatized to altitude. However, in acute exposures where the alveolar 
pOo is reduced to 50 to 60 mm. Hg this hypen^entilation response is completely inhib- 
ited for at least one hour. This inhibition is explained as a result of the p's. rise due 
to the decreased oxyhemoglobin saturation. If the alveolar pOs in acute exposure 
falls below 50 to 60 mm. Hg, immediate hyperventilation occurs. E.xposures of more 
than one hour at 9500 ft. result in a lowering of the pCOa exponentially with time. 
Final levels are reached after 3 or 4 days. 

After respiratory acclimatization to 9500 ft. the respiratory system becomes more 
sensitive to CO2. This response was tested by breathing various CO2 mixtures and 
analyzing the alveolar air after breath holding. Data are presented which show the 
reduction of breath-holding time during acclimatization to various altitudes. The 
various findings emphasize that a large part of the respiratory acclimatization to high 
altitudes is an adaptation to a lowered CO2 tension. 

The authors express their gratitude to Dr. W. O. Fenn, who in various ways has contributed 
much to this work. 
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INHIBITION OF BRAIN DEHYDROGENASES BY 
‘ANTICHOLINESTERASES’^ 


M. MICHAELIS,2 N. I. ARANGO and R, W. GERARD 
Front the Department of Physiology, University of Chicago 
CHICAGO, ILLINOIS 

T he pharmacological actions of the anticholinesterase drugs, eserine sul- 
phate (ES), diisopropylfiuorophosphate (DFP) and tetraethylpyrophos- 
phate (TEP), are usually attributed to their inhibition of cholinesterase 
(ChE). Some workers (1-3) have recognized that other actions might occur, and 
some (4-6) have found a lack of parallelism between pharmacologic effects and ChE 
inhibition. Other work in this laboratory (7, 8) has shown that these drugs inhibit 
the respiration of frog brain and nerve in concentrations which alter their electrical 
activity, as is also the case for methyfluoroacetate (MFA), which is not a ChE in- 
hibitor. Yet the fluorophosphonates, tested on many purified enzyme systems in 
vitro, were found (9) inactive on all respiratory and other enzymes save only ChE 
and related esterases. It is, however, not exceptional for purified systems to be more 
resistant to damage than are less pure tissue extracts (e.g. 10), and even fluoroacetate 
was foimd (11) inert to most purified enzyme systems. We have accordingly tested 
these agents on brain and nerve brei, using the Thunberg methylene blue (MB) 
technique to reveal specific action on dehydrogenases. Marked inhibition of several 
of these has been found. 


METHODS AND EESXJLTS 

Cattle sciatic nerves (obtained fresh at Swift and Co., courtesy of Mr. Keefer 
and Dr. Brewer) were cleaned, frozen, and finally powdered in dry ice; dog sciatics 
were homogenized (Potter-Elvehjem homogenizer) fresh in iced saline. Brains of 
adult white rats were excised immediately after decapitation, a portion used for dry- 
weight determinations, and the remainder homogenized (in a mortar by hand) in 
Ringer’s solution. This was always completed in less than a minute. The suspen- 
sion, made up to 20 mg, fresh tissue per ml. of Ringer’s solution, was dialyzed in a 
cellophane bag against 10 volumes of Ringer, to remove substrates, by shaking at 
130 strokes per minute for 3 hours at room temperature. To 1 ml. of dialyzed tissue 
suspension were added 0.3 ml. of substrate (analytic grade), 0.2 ml. of inhibitor, 0.1 
ml. of 1 : 5000 MB, and physiological saline to a final volume of 2 ml. The /»h was 
always approximately 7.0. Each Thunberg tube was at once evacuated, placed in 
a water bath at 37°C., and decoloration time noted. The percentage of inhibition 
or other ratio was calculated as: 

100 — 100 X minutes reduction time of substrate 

minutes reduction time of substrate plus inhibitor* 

Received for publication March i, 1949. 

J Performed under contract between the Office of Naval Research and the University of Chicago. 

® Now at The Mount Sinai Hospital, NCw York City. 
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Early experiments were made on tissue kept frozen in dry ice, but this procedure 
■was abandoned when it was found to injure the enzymes. This is shown in table i. 
Except for succinate and a-ketoglutarate in infant brain, all reductions are seriously 
xetarded by freezing. Frozen cattle brain seemed somewhat more active than frozen 
dog brain; both were about as active as fresh rat brain, and fresh ner\’’e was only 
'fg- as active as fresh brain. Table i also shows clearly the different rates at which 
-various substrates are acted upon by a given brain homogenate, and that these various 
activities are altered in relation to each other by age and by freezing. Glutamate 
and fumarate seem to inhibit. Salts are important, and if water is used instead of 
isotonic saline, as in these early experiments, the activity of some dehydrogenases 
(citrate, glucose, lactate) is cut to 10 to 15 per cent (cf. iia). Infant brain is defi- 

Table I, Influence of age; injury by freezing 


Non-dialyzed rat brain; in water 



INFANT ( 3 -day) 

YOUNG (22-DAY) 


ADiaX 


Fresh 1 

Frozen 
(t day) 

Fresh 

1 

Fresh 

Frozen 
(S days) 

pry wt., % 

13 

12 

12 

16 

18 

23 

23 

23 

Mr. wet wt/ml. susp 

23 

23 

23 

23 

23 

20 

9 

9 

Mg. dry wt/ml. susp 

a.g 

2-7 

2.7 

3.7 

4.1 

4.7 

2 .x 1 

2.1 

Addition (M/67) 



! 




i 


Blank *. 

ss '- 

130 

180 

20 

45 

36 

180 

180 

Oxaloacetate 

27 

22 

so 

II 

II 

5 

47 

180 

Succinate 

17 

21 

20 

7 

8 

6 

10 

60 

Glutamate 

180 

180 

180 

180 

180 


180 

180 

Malate 

32 

42 

68 

16 

II 

23 

52 

180 

Citrate 

50 

60 

78 

23 

21 

19 

120 

180 

Lactate 

26 

34 

77 

8 

14 

14 

140 

180 

Glucose 

29 

40 


18 

9 

17 

55 

180 

Pjmivate 

24 

39 

78 i 

17 

18 

13 

S8 

180 

o'-Ketoglutarate 

4 S ’ 

64 

60 1 

25 ' 

25 

1 21 

120 

180 

Fumarate 

60 

180 

1 

180 

9 


180 

180 

Maleate 

80 

100 

180 

26 

22 

69 

120 

180 


^ Reduction time in minutes. 180 = no reduction in 180 minutes. 


nitely less active than adult on a wet weight basis, but is comparable in terms of dry 
weight (12). 

Table 2 summarizes activities for particular substrates and rat brain under 
standard conditions. The independent behavior of each substrate strongly suggests 
that reduction rates are being determined by the activities of specific dehydrogenases 
rather than by some common factor, such as coenzyme (12a). That sufficient co- 
enzyme was present so that it was not a limiting factor was further proven by adding 
coenzyme I (kindly supplied by Dr. F. Schlenk), 20 7 per tube, to dialyzed suspen- 
sions. This did not hasten reduction time for substrates nor alter the inhibition 
produced by any inhibitor. 

The critical experiments with inhibitors are summarized in table 3. Controls 
with hydrolysis products or associated ions of the inhibitors were negative. Sodium 
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fluoroacetate (NaFA) was practically inactive on brain or nerv^e, even when tested 
on homogenates in water with cells disrupted. It is striking that, for most substrates 
and at most inhibitor concentrations, the 'metabolic’ inhibitor, MFA, is less effective 
against dehydrogenases than are the ‘anticholinesterases’, DFP and TEP. DFP is, 
on the whole but not uniformly (e.g. malate), somewhat more effective than TEP; 
ES is distinctly less so. The abilities of these drugs to inhibit tissue respiration in 


Table 2. Relative activities of substrates with dialyzed adult rat brain suspensions 


substhaxe' 

NO. OF TESTS 

AV. JJEDtICnON' TIKE 

KEiATivE Acnvmr 



min. 

% 

Oxaloacetate 

<5 1 

3-4 

j TOO 

Succinate 

17 

4.5 

76 

Malate 

6 

5-7 

1 60 

Lactate... 

14 

6.1 j 

! S6 

Citrate 

6 j 

6.2 

55 

Glutamate 

5 i 

7.2 j 

47 

Glucose 

6 

7.2 

47 

a-Retoglutarate 

2 

II. 0 

31 

Maleate 

2 

15. 5 

! 28 

Pyruvate 

2 

I5-S 

! 28 

Fumarate ; 

2 

17.5 

19 

Blank 

32 

18.1 



^ AH substrates M/67, so mg. brain/ml. 


Table 3 


PEHCEMTACE INHIBITION OF SIB KEDUCTION 


- 

SUBSTKAIE* (11/67) 

it/ 4 S 

u/200 

11/450 

ii/800 

if/iooo 

11/1500 

ir/io,ooo 

ES 

b 

0, 

a * 

H 

< 

ES 

cu 

b 

n 

« 

H 

MFA 

« 

tit 

MFA 

At 

U< 

ft 

TEP 

IS 

At 

At 

P 



Oxaloacetate 


40 

40 

25 

0 




25 

14 

14 


14 

14 


0 

0 

Succinate 

71 

67 

52 

20 

0 

30 

0 


22 

0 

II 


0 

II 


0 

0 

Malate 

73 

76 

73 

40 

B 

so 

59 

37 

31 

52 

z8 

26 

33 

31 


0 

21 

Lactate 

86 

100 

100 

18 

B 

70 

47 

15 

56 

45 

0 

41 

15 

0 

17 

0 

0 

Citrate 

50 

60 

39 

14 

0 

10 

39 

14 

5 

26 

14 

0 

m 

14 

0 

0 

14 

Glutamate 

9 

28 

50 

17 

0 


9 

9 

17 

0 

9 

17 


0 

0 

0 

0 

Glucose 

100 

100 

100 

46 

0 

98 

71 

22 

88 

60 

22 

76 

45 

12 

12 

25 

12 


^ The substrates fumarate and raaleate did not hasten MB reduction of undialyzed brain; 
PiTuvate and a-ketoglutarate were slightly active. 


iniro, to inhibit ChE, or to produce symptoms in an animal are not in constant ratio 
to each other from case to case, even for the same phenomenon, so that extensive com- 
parisons here would not be profitable. 

There is little correlation between the activity of a dehydrogenase system and the 
ease with which it is inhibited by all these drugs, and, even at tlie highest drug con- 
centrations used, the percentage inhibition for various substrates may range from 
100 to under 30. Glucose is consistently the most fully inhibited, glutamate almost 
as regularly the least. Succinate is relatively more sensitive to DFP (and to ES) 
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than to TEP or MFA, especially at the lower range of inhibitor concentrations. 
Other particular instances of high sensitivity (malate to weak MFA) or low sen- 
sitivity (citrate to DFP) are manifest in the table. Dehydrogenases in the infant 
brain seem to be somewhat more susceptible than in the adult. In 2 experiments 
at io“% concentration, MFA gave about one-fifth inhibition with lactate and TEP 
about one-third. Dog nerve also showed significant inhibition of succinate and 
lactate oxidation by TEP, even at io~^ar. At o.oosm, DFP and MFA inhibited suc- 
cinate by 40 per cent, TEP by 60 per cent, and chloretone not at all. 

In a few experiments, ribonucleic or desoxyribonucleic acid (200 7/tube) in- 
hibited lactate dehydrogenase of brain by a third or more. (Compare liver, 13a.) 
A nucleic acid combined with one of the above drugs (o.ooim) roughly doubled the 
drug inhibition. 

Of the systems tested, the dehydrogenase for succinate does not require co- 
gn2yme (or flavoprotein) for activity; ail the others do. The latter, except for glu- 

Table 4. Inhibition of mixed substrates 


KEDOCnON TIME* (UTN.) 

SUBSTRATE % INHIBraON 


No addition TEP o.ooiu 


Lactate 6.7 9.5 30 

Succmate 5.5 5.5 o 

Both 3.7 4.0 10 

Both, calculated 3.1 3.6 15 

Glucose 7.2 15.0 SO 

Succinate 4.2 4.2 o 

Both 2.8 3.6 20 

Both, calculated 2.6 3.2 20 


^ Values are adjusted for 4 to 6 comparable experiments using substrates at M/67, M/144, or 
mixed concentrations. 

tamate, tended to be more easily inhibited. That the drug action is not on coentyme 
is shown, however, not only by the lack of inhibition of the glutamate system, but 
also by the earlier-mentioned inability of added coenzyme to alter the picture. 
Further evidence that the inhibitors act on the apoenzyme is supplied by their be- 
havior with mixed substrates. 

When either lactate or glucose, both of which are inhibited by o.ooiii TEP, is 
mixed with succinate, which is not inhibited, reduction time is shorter than that for 
either alone, but rather greater than that calculated for their complete summation 

(7 h = 7 ) (table 4). This indicates that the two reducing systems are 

\Ca Cb tA+B/ 

largely, but not completely, independent. If ^4 is partially inhibited by a particular 
drug and B is not, reduction time for .4 - 1 - .B should approach that for A by a cal- 
culable amount when no interdependence exists. Actually, as table 4 shows, for 
lactate or glucose as A and succinate as B, this is roughly the case. Results are 
alike whether the inhibited or the uninhibited substrate is added first. It thus ap- 
pears that TEP can act on one dehydrogenase, leaving another unaffected. 












June igig 


INHIBITION OF BRAIN DEHYDROGENASES 


467 


DISCUSSION 

Apart from the poisoning of heavy metal proteins with cyanide or azide, two 
modes of action of inhibitors on respiratory enaymes have been described. Chlore- 
tone and barbiturates leave the dehydrogenases largely unimpaired, and probably 
affect a flavoprotein acting on cytochrome (13, 14), Morphine, codeine and thebaine, 
on the other hand, inhibit certain dehydrogenases of brain (15); this action has 
been suggested for diethylstilbestrol (16), The drugs here tested act also on the 
dehydrogenases. Whether several steps are involved in the substrate oxidation, as 
may well occur with glucose or oxaloacetate, or only one, as for lactate, is not im- 
portant for the present findings, \\hat is essential is that drugs regularly identified 
as anticholinesterases, and studied almost solely in terms of this property, are here 
shown to be powerful dehydrogenase inhibitors as well. Their ability to alter phys- 
iological behavior of nerve and brain follows their action on respiration more closely 
than their action on ChE (7 , 8). It seems tmjustifiable to attribute pharmacological 
effects specifically to changes in the acetylcholine system. 

SUMMARY 

The dehydrogenase activity of brain and nerve was studied with the methylene 
blue technique. Relative activities with ii substrates are presented. Age had 
little influence on brain dehydrogenases; freezing decreased activity to about one- 
fifth. Nerve was about one-tenth as active as brain. The ‘anticholinesterase’ drugs, 
DFP, TEP, and ES, are inhibitors of brain and nerve dehydrogenases, the two former 
being in general even more powerful than the ‘metabolic inhibitor’ MFA. Dehydro- 
genase inhibition is specific in pattern for each drug; even at io"^m drug concentration 
the oxidation of particular substrates may be inhibited by 10 to 25 per cent. 
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DESCENDING RESPIRATORY PATHWAYS IN THE 
CERVICAL SPINAL CORD 

HERBERT ROSENBAUM and BIRDSEY RENSHAW 
From the Department of Physiology, University of Oregon Medical School 

PORTLAND, OREGON 

I T IS generally accepted that under normal conditions the activity of each half of 
the diaphragm is a consequence of excitation b}'’ the ipselateral phrenic moto- 
neurons, which in turn are activated by impulses originating in the medullary 
respiratory center and passing via descending fibers which are uncrossed {yh., make 
direct connection with their ipselateral phrenic nucleus). 

The existence of some crossed connections in this system was first demonstrated physiologically 
more than fifty years ago by Langendorfi (i) and Schiff (2). They showed that under certain experi- 
mental conditions the respiratory discharge descending on one side of the cervical spinal cord can 
excite the contralateral phrenic motoneurons. Porter (3) further demonstrated that this crossing 
occurred at the level of the phrenic nuclei. In 1912, Deason and Robb (4), working under the direc- 
tion of A. J. Carlson, reported that the phenomenon of crossed excitation is a function of the intensity 
of discharge from the bulbar center. Still more recently, Rosenblueth and Ortiz (5) repeated Porter’s 
work, with some modification of his methods, and concluded that the crossed phenomenon reveals 
properties of neurone paths which differ in quality from the conduction of nerve impulses and, in 
direct contrast to Deason and Robb, found that with maneuvers which markedly augment the in- 
tensity of the respiratory effort (e.g. asphjTda) they failed to demonstrate any crossed activity under 
the conditions of their experiments. Pitts (6) suggests that some hitherto unknown properties of 
the central nervous system underly the crossed phrenic phenomenon of Porter and that its elucidation 
would be a valuable contribution. 

After reviewing the literature which bears on the points under discussion, it was 
found that there is disagreement as to the functional importance of the crossed con- 
nections. In particular there is disagreement as to the conditions necessary for the 
effective excitation of phrenic motoneurons by impulses which traverse crossed path- 
ways. The data presented here have some bearing upon these points. We have 
studied the activity of descending respiratory pathways as reflected by the activitj’’ in 
each hemidiaphragm. The method of recording diaphragmatic activity is the prin- 
cipal point of difference between our procedure and those of previous investigators. 
Rather than observing the movements of the diaphragm or making mechanical 
records of its contractions, we have utilized the action currents of the two halves of 
the diaphragmatic muscle, amplified differentially and visualized by means of the 
cathode ray oscilloscope. Employing this method we have studied the effects on 
diaphragmatic activity both of enhancing and of diminishing the respiratory effort in 
cats and rabbits immediately following partial transection of the cervical spinal cord 
above the level of the phrenic motor nuclei. 
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METHODS 

Sixteen acute experiments were performed, 8 with cats and 8 with rabbits. Some 
of the preparations had been decerebrated under ether anesthesia by the method of 
Schmidt (7). Others had been anesthetized with sodium pentobarbital (‘Nembutal’ 
Abbott), or diallylbarbituric acid with urethane and monoethylurea, its route of ad- 
ministration, and its dose are given in the abbreviated protocols presented below (see 
also figs. 3 and 4). 

The vagal nerves remained intact, except in one rabbit in which they were tran- 
sected near the end of the experiment (exper. i). After inserting a glass tracheal 
cannula, each preparation was placed in the prone position with neck flexed, a partial 
laminectomy of the axis performed, and a partial transverse section of the cord made 
at the lower half of the second cervical segment. The preparation was then placed 
in the supine position and a midline abdominal incision made caudad from the xiphoid 
cartilage. The xiphoid cartilage was raised and clamped, and the abdominal wall and 
liver were carefully retracted. This maneuver sufficiently exposed the abdominal sur- 
face of the diaphragm to permit the symmetrical placement in it of two pairs of small 
electrodes, one pair lateral to the central tendon on each side. The electrodes were 
short loops prepared from fine insect pins. Each pair was connected, by means of the 
fine (no. 40) insulated wire, with the input terminals of a condenser-coupled differen- 
tial amplifier of short time constant. The amplified diaphragmatic action potentials 
from each hemidiaphragm were visualized by means of cathode ray tubes and photo- 
graphed on running film (see figs). 

Each experiment consisted of recording and comparing the action potentials of 
each hemidiaphragm a) in the control state and b) during various procedures which 
alter the respiratory effort: artificial hyperventilation and lung inflation to depress it; 
and tracheal occlusion, rebreathing, and lung deflation to augment it. 

Toward the end of each experiment one or both of two tests that will be described 
below were made to determine quantitatively the degree of independence of the simul- 
taneous recordings from the two sides of the diaphragm. The upper cervical cord 
was then removed and placed in 4 per cent formaldehyde. The extent of the lesion at 
C2 was determined subsequently by analysis of serial sections stained by the Lillie 
variant of the Weigert method (8). The lesions for each experiment are shown in 
figures 3 and 4, in which the minimal areas of indubitable transection appear in black. 
A few distorted fibers in an edematous and/or hemorrhagic matrix remained in the 
stippled areas, and it is plausible to believe that the injury to them was sufficient to 
block the conduction of impulses. It is, of course, possible that functional block ex- 
tended somewhat beyond the limits of the black and stippled areas. 

RESULTS 

The findings from a typical experiment on a cat {exper. i) anesthetized with so- 
dium pentobarbital (3omg/kg.) are illustrated in figure i. As in all the figures, action 
currents from the right hemidiaphragm are shown in the upper tracing, those from the 
left hemidiaphragm, in the lower tracing. The time-line gives i-second intervals and 
the voltage scale is as indicated. The tracing on the upper left shows the extent of 
the transverse lesion at C2, as revealed by the histological analysis of serial sections. 
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As in all the figures, the orientation is cord dorsum' to the right, the right side of the 
cord above and the left below to correspond with the action current records. It will 
be seen that in this particular experiment the lesion involved almost the entire an- 
terior and lateral columns on the left, and a portion of the right anterior column as 
well. 

The diaphragmatic action potentials of two inspiratory efforts are shown in the 
control record (o). In addition, the incidental recording of the QRS complex of the 
electrocardiogram is visible. The noteworthy feature of this record is the significant 
diaphragmatic activity on the side of the cord lesion. The activity on the side of the 
lesion, and on the opposite side as well, could readily be augmented; record b shows 
that significant enhancement above the control level was induced by rebreathing for 
8 seconds; and record d illustrates the prompt augmentation produced by lung defla- 



Fig. I. ILLUSTRATIVE DATA from a typical expcrinlent on a cat (pentobarbital anesthesia) 
Upper left: tracing of reconstruction of the partial transverse spinal cord section at C2, oriented with 
cord dorsum to the right and right side at top. Oscillograms: action potentials from the 2 sides of the 
diaphragm, right above and left below to correspond with the drawing of the spinal cord. Time and 
voltage scales as indicated. Record i gives time-line for record /;. See test for further detaik. 

tion (application of negative pressure to the trachea). Likewise, the activity on both 
sides could readily be decreased. It is of particular interest that it proved easy dif- 
ferentially to abolish activity on the side of the lesion, that is, to abolish action cur- 
rents on the side of the lesion while maintaining significant activity on the opposite 
side. One example may be seen in record c, which shows the first two inspiratory 
efforts that followed an apnea produced by lung inflation (positive pressure applied to 
trachea). The first inspiratory effort was almost entirely confined to the side oppo- 
site the spinal lesion; in the second, the activity on the side of the lesion was differen- 
tially reduced in comparison with the control state (record a). A second example is 
shown in records e and /. Hyperventilation artificially administered first produced 
differential reduction of activity on the side of injury (e), and then differential aboli- 
tion of that activity (/). Continued hyperventilation eventually abolished activity 
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on the intact side. Cessation of hyperventilation was followed by similar changes in 
reversed sequence. 

An essential control was determination of the independence of the simultaneous 
action current recordings from the two sides of the diaphragm. Accordingly, one or 
both of two tests w-ere made in each experiment. Both tests were performed in the 
experiment now being described. 

The first is illustrated b}'- records g and h. Like records a-J andy, record g was 
taken on running fihn. Record h represents a single, relatively fast sweep, for which 
the time-line is shown in i. Both g and h were taken at one-tenth the standard am- 
plification for the experiment as shown in a. The deflections show the action currents 


Table i. Sumiiarization of data 
Cats 

Essentia Idata from each of the experiments arc summarized in tables i and 2 and in figures 3 and 4. 
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4-13-48 

Sodium pentobarbital; 
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= 
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Yes 

ca. 2.5 

2 

4-23-48 A 

! Sodium pentobarbital; 

1 good condition 

< 

Yes 

Yes 

Yes 

< 1.7 

3 

4-23-48 B 

I Sodium pentobarbital; 

. poor condition 

< 

Yes 



< 2 

4 

4-24-48 

Sodium pentobarbital; 
good condition 

> 

Yes 

Yes 

Yes 

< 3 

5 

4-27-48 1 

j 

Sodium pentobarbital; 
good condition 

> 

Yes 

Yes 

Yes 

I 

6 

S-3-48 

Sodium pentobarbital; 
good condition 

> 

Yes 

Yes 

Yes 

3 

7 

4-30-48 

Decerebrated, good 

condition 

> 

Yes 

Yes 

Yes 

‘ < 2 

1 

8 

S-ii-48 

Decerebrated; good 
condition 

> 

Yes, but 
small 

Yes 

Yes 

< 0.3 


produced by application of single shocks to the plurenic nerve in the neck on the intact 
(right) side. In both g and h, the large action current produced in the right hemidia- 
phragm was reflected by only a small deflection in the recording device connected with 
the left hemidiaphragm. The second test is section of the phrenic on the side of the 
cord lesion. As shown in record j, a large inspiratory effect on the intact side then 
produced little or no deflection in the record from the side corresponding to the cord 
lesion. In this experiment the interaction was conservatively estimated to be 2.5 
per cent. It was considerably smaller in many of the other experiments. 

It may be noted that the small or negligible amount of interaction had three im- 
plications: I) physical spread of action current from muscle fibers in one hemidia- 
phragm to the recording electrodes in the opposite hemidiaphragm was small or 
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negligible; 2) physical interaction between the two channels of amplification was 
small or negligible; and j) there was no eindence that fibers of the phrenic nerve cross 
peripherally (cf. Rosenblueth and Ortiz). 

Results from an experiment on a rabbit (cxper. 6) anesthetized with urethane are 
presented in figure 2. The diagram shows that the spinal lesion on the right side at 
C2 was somewhat less than a hemisection. Attention may be directed first to the 
controls in which the degree of independence of the recordings from the two sides of 
the diapliragm was tested (records j-j). Record / shows that veiy^ large action po- 
tentials in the left hemidiaphragm, produced by stimulation of the left phrenic, pro- 
duced scarcely visible deflections in the recording from the right, (The downward 
deflection produced by each volley in the left record was so large and rapid that it did 
not photograph suflficiently well to be reproduced.) 



Rabbif'b 

5-2HO 



Control 

isec 





Control 




artihclal respiration HSRlTSt trachea 



Fig. 2. iLtusrRAXiVE DATA from a experiment on a rabbit (urethane anesthesia). 

Arrangement as in fig. i. Record A gives time-line for records g - j. See text for further details. 


The degree of interaction may be determined more quantitatively from records g-;/. 
At the standard amplification of the experiment (record g), stimulation of the phrenic 
on the intact (left) side evoked in that side of the diaphragm an action potential so 
large that it was only partially recorded. Nevertheless, only a minimal deflection 
followed the shock artefact in the record from the opposite (right) hemidiaphragm. 
In the next two records the amplification on the intact side was reduced, first lo-fold 
(/;), then loo-fold (f), while that on the side of the cord lesion remained unchanged. 
It max' be seen that the response on the intact side to stimulation of its plirenic, 
when reduced loo-fold, was still about three times as great as the deflection which 
appeared in the records from the opposite side as shown in the upper tracings of 
records g, Ji, and i. When the amplification on the intact side was reduced 100- 
fold and that on the opposite side simultaneously increased lo-fold, as shown in 
record j, the response on the intact side was approximately tluree times the greater. 
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Thus the controls agree in showing that the interaction in this experiment was only 
about I in 300, or 0.3 per cent. 

As shown in record a, at the beginning of this experiment diaphragmatic activity 
in the control state was confined to the hemidiaphragm contralateral to the spinal 
lesion. However, lung deflation produced by application of negative intratracheal 
pressure, as shown in record b, promptly' induced activity on the side of the lesion. 
As a sequel to very prolonged limg deflation with accompanying rebreathing into a 
small dead space, the preparation went into a circulatory and respiratory crisis with 
apnea. It quickl}’’ recovered during a short period of artificial respiration. Sub- 
sequently, and for the duration of the experiment (30 min.), diaphragmatic activity 
was present on the side of the lesion in the control state (record c). This crossed 


PEMTODARDITAL 



5 PEMTOBARDITAL 




Fig. 3. SUMMAaV OF EXPERI- 
MENTS on cats. Shown for each 
preparation (exper. i-S) is a tracing 
of file spinal cord lesion at Cs and 
a record of diaphragmatic action 
potentials obtained during control 
respiration. Orientation of trac- 
ing and oscillograms as in figs. 1 
and 2. Time, i sec.; voltage 
calibration, i mv. 




PEMTODARBITAL 


PEMTOBARDITAL 



6 PENTOBARBITAL 



7 DECEREDRATEO 




activity could readity be differentially abolished during artificial hyperventilation 
(record d), and also during the first inspiratory efforts that broke through an apnea 
produced by lung inflation. It could be augmented significantly above the control 
level during the dyspnea produced by tracheal occlusion (record e), and also by forced 
deflation of the lungs. 


DISCUSSION 

Cats. In every experiment a significant amount of activity in the hemidiaphragm 
on the side of the spinal injury occurred during control respiration. The spinal 
lesions at C2 varied from slightly less than a hemisection {exper. 2) to such an exten- 
sive injury as to leave intact only a part of the opposite lateral column (exper. 6 and 7). 

In every experiment the crossed activity could be differentially abolished (i.e. 
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■abolished with persistence of activity on the intact side) by artificial hyperventila- 
tion, or by forcible inflation of the lungs, or by both. These procedures, whatever 
else they may do, decrease the respiratory effort. In ever}'’ experiment the crossed 
acthdty could be considerably augmented by rebreathing, forcible deflation of the 
lungs, and/or tracheal occlusion. These procedures, whatever else they may do, 
enhance the respiratory effort. 

Rabhils. The rabbits differed quantitatively from the cats in that diaphragma- 
tic activity on the side of the spinal lesion was initially present during control respira- 
tion[in only 2 of the 8 preparations. Crossed respiration was present in 4 of 8 if one 


1 PENTODARblTAL 



5 URLTHANE. 




Fig. 4. SUMMASV OF EXPEEI- 
itENTS on rabbits. Arrangement 
same as fig. 3 except that voltage 
calibration indicates 2 mv. 



DECEIREBRATED 



includes expermeiifs 4 and 6, in which crossing was initially absent but appeared dur- 
ing the course of the experiments. 

In every case in which crossed respiration was absent during control periods, it 
could be induced in significant degree by the above-mentioned procedures which en- 
hance the respiratory effort. In every case except one^ in which crossed respiration 
was present in the control state, it could be differentially abolished by procedures 
which decrease the respirator}’’ effort. 

Bulbo-spinal fibers of respiratory function descending on each side of the cervical 
spinal cord make direct or indirect connections with neurons of both phrenic motor 
nuclei. From the standpoint of excitatory function, the connections with the crossed 

* Experiment 8 comprises a single exception to this statement. The respiration of the decere- 
brated preparation was irritative, presumably because of the presence of a blood clot found about the 
medulla at autopsj', and was verj' insensitive to reflex and chemical influences. 





Junt ig4g 


RESPIRATORY PATHWAYS 


475 


phrenic motoneurons are similar to but quantitatively somewhat less powerful than 
the connections with the ipselateral motoneurons. Intensity of discharge from bul- 
bar centers is a very important factor determining whether or not impulses in the 
crossing pathways effectively excite the crossed phrenic motoneurons. Effective 
excitation of phrenic motoneurons by impulses in the crossuig pathways regularly 
occurs or can easily be induced, even when both the opposite plurenic nerve and the 
vagi are intact. 

Table 2. Suiqiaiuzation or Data 
Rabbits 



\ 
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6 
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SUMMARY 

In acute experiments on decerebrated or anesthetized cats and rabbits, a spinal 
lesion approaching or exceeding a hemisection was made at the second cervical level. 
The discharge of the phrenic motoneurons on each side of the cord w'as then measured 
b}'^ simultaneous action potential records from each hemidiaphragm. Controls estab- 
lished the absence of significant interaction between the 2 recordings. 

In each of 8 cats significant crossed (i.e. ipselateral to lesion) diaphragmatic ac- 
tunty occurred in the control state, even when the spinal lesion far exceeded a hemi- 
section. Tills crossed activity could be completely and differentially abolished by 
procedures which decrease respirator}' effort (e.g. h}’p8rventilation), and augmented 
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by procedures which enhance respiratory effort (e.g. rebreathing, negative intra- 
tracheal pressure) . Similar results obtained for those rabbits (4 of S) which exhibited 
crossed respiration in tlie control state. Procedures which enhance respirator}’- effort 
elicited significant crossed activity in the remaining rabbits. 

In conclusion, bulbo-spinal fibers of respiratory function descend on the intact 
side of the cord and make connections with phrenic motoneurons of the opposite side. 
These connections are quantitatively less powerful than the uncrossed ones. Inten- 
sity of discharge from the respiratory center is an important factor determining 
whether impulses in the crossing pathways alone will effectively excite the phrenic 
motoneurons. 
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